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ABSTRACT

The resistance of reinforced concrete is mobilized through the composite action of two materials with different mechanical behaviors and physical features. Enabling the composite
action requires a transfer mechanism between the concrete and the reinforcement which is
referred to as bond. The bond model can be defined as a traction-slip relation tangent to
the interface. The bond strength between different types of concrete, internal reinforcement,
and external reinforcement has been of interest to structural engineers for decades. Experimental tests have been carried out to validate the existing bond models and introduce new
bond models for special cases of concrete or reinforcement. The effect of various parameters
on the bond stress, such as bar diameter, concrete compressive strength, presence of fibers,
cyclic loading, etc. have been investigated. However, little attention has been directed to
the contribution of normal (to the interface) stress and state of stress of the substrate layer
on the mechanical response of the interface. Since the state of stress (tangential, normal,
and substrate) within each type of experimental test is different, the resulting bond models
are not consistent.
Behavior of ultra-high performance concrete (UHPC) composite flexural members are studied
using experimental, analytical, and numerical approaches in this research. A new bondslip model is proposed that contains an explicit representation of the normal stress and
constitutive model of the substrate. The parameters of the model were calibrated from
beam and pullout tests using UHPC and HSS. The calibrated results showed consistency in
the material point behavior between the pullout and beam test although the states of stress
were different. The effect of the normal force was verified throughout a numerical model
compared with experimental flexural tests. Single and double lap shear tests were carried
out for UHPC and FRP, and parameters of the bilinear model were calibrated and used in
iii

the finite element model of the new composite deck.
A new lightweight composite deck system is proposed that uses fiber reinforced polymers
(FRP) bonded to UHPC using vacuum-assisted resin transfer molding. The high performance deck system has application in deck design and replacement for bridges with weight
restrictions as well as for accelerated bridge construction. Results show the deck satisfies
strength and serviceability criteria under monotonic load. The bond strength between the
UHPC and the glass fiber reinforced polymers (GFRP) plays a significant role in the performance of the proposed deck and controls the behavior of the system. However, live loads on
bridges are inherently cyclic and therefore research on serviceability and fatigue behavior of
UHPC and UHPC composite members were carried out. The UHPC beams were strengthened using glass GFRP plates on compression side to obtain data that could be utilized for
the future design. The effect of fatigue loading on the interfacial shear stress between UHPC
and GFRP was also investigated and it is found to be minor under low load level. However,
a noticeable progression in the interfacial shear stress was found for the higher load ratio.
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CHAPTER 1: INTRODUCTION

1.1

Background and Motivation

According to the Federal Highway Administration (FHWA 2015), of the over 611,000 bridges
in the United States, about 10% are structurally deficient, and another 14% are functionally
obsolete. Three out of four of the structurally deficient bridges have major problems with
their decks. In addition to structural deficiency, the geometry and weight of the deck often
limit both the load rating and the bridge’s functionality. It is commonly accepted that bridges
service lives could be extended by replacing their decks [1]. However, due to the increase
in live loads for existing bridges and the necessary rehabilitation or replacement of existing
defective bridge decks, the need to find a high-performance material that exhibits higher
strength and durability characteristics has become essential. The combination of ultra-high
performance concrete (UHPC) with high strength steel (HSS) or fiber reinforcement polymer
(FRP) in bridge construction allows such a composite deck to have higher strength with lower
weight. This composite deck allows an easy and rapid replacement of defective decks, partial
rehabilitation, and bridge widening. They also will increase the bridges service life without
placing additional dead weight on their substructure, and therefore help remove them from
the structurally deficient or functionally obsolete lists.
Reinforced concrete (RC) resistance is mobilized through the composite action of concrete
and reinforcement with different mechanical behavior and physical features. The reinforcement that is bonded to concrete can be in the form of embedded rebars like steel bar or fiber
reinforced polymer bar. Another form of reinforcement can be the steel plate or composite
laminates that are used in the strengthening and rehabilitation of concrete structures. Also,
composites can be bonded to concrete to form a composite system that is used in bridge
1

applications. The term composite action is used when two different materials are bonded
together to act as one single unit that has deformation compatibility between the materials.

1.1.1

Bond studies

External loads are usually applied directly to the concrete, and the reinforcement is engaged
through stress or load transfer from the surrounding concrete. Enabling the composite action requires a force transfer mechanism between the two materials, which is referred to as
bond. Bond is idealized as a continuous stress field that develops between reinforcement
and concrete interface. Generally, in designing RC structure under moderate loading, complete strain compatibility between concrete and steel is usually assumed (perfect bond). In
this case the bond stress capacity is always greater than the demand. Nevertheless, under
heavy loading, stresses between steel and concrete increase, resulting in higher bond demand
than the bond capacity that in turn causes localized damage and significant slip. Slip is
defined as the relative displacement between the reinforcement and the surrounding concrete. Therefore, the bond-slip effect needs to be considered when designing or simulating
RC structures.
The bond-slip model is a material-point idealization of the continuous stress field. The model
defines the relationship between the bond stress (τ ) and slip (δ) at any location along a bar
in the tangential direction as shown in Figure 1.1.
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Figure 1.1: Schematic representation of steel-concrete interface

Extensive efforts have been made over the last few decades, through numerous experimental
studies, to determine the bond stress versus the slip response for different combinations of
materials. The average local bond stress is calculated from the variation of the reinforcement
stresses along the bonded length based on experimental reinforcement strain readings. On
the other side, the slip is found indirectly as the different between the reinforcement and
surrounding concrete displacement. Based on this results, some empirical bond-slip relations
have been proposed and calibrated experimentally. For example, Rehm [2] performed a pullout test for a deformed bar with only a single rib, and for a plain bar with very short
embedment length. He also proposed a bond model which is a function of slip.

τ b = C1 δ a + C2 δ

(1.1)

where τb is the bond stress, δ is the slip, C1 , C2 , and a are experimentally obtained coefficients.
Nilson [3] proposed a third-degree polynomial that was fit to the experimental results from
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concentrically loaded tensile members to define the bond-slip relation. The experimental
bond stress was determined based on the steel strain measurement along the bar. The local
slip was measured indirectly as the difference between steel and concrete slip.

τ = 3.606 × 106 δ − 5.356 × 109 δ 2 + 1.986 × 1012 δ 3

(1.2)

where τ is the nominal bond stress in psi and δ is the local bond slip in inches.
Additionally, many constitutive laws were proposed for bond stress versus slip relation. The
essential points on the constitutive model (τ, δ) as shown in Figure 1.2 are derived based on
experimental results corresponding to a material feature of each specimen.

(a) Bond-slip relationship by Khalfallah
and Ouchenane [4]

(b) Bond-slip relationship by Abrishami
and Mitchell [5]

Figure 1.2: Sample of bond-slip relationships

Different experimental setups have been employed for developing the bond slip-relations
between concrete and the reinforcement. However, a majority of the bond-slip models were
experimentally derived from the pull-out for steel bar where the bar is pulled while supporting
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the concrete by thick steel plate. Additionally, the majority of the concrete-FRP bond-slip
models were experimentally derived based on single lap shear test. At the material point, the
experimentally derived bond slip points for pull-out and single lap shear tests should resemble
those from other bond test setups. However, a wide range of backbone points values have
been reported for different test types. Many factors have contributed to this wide range.
One reason is related to the different states of stress in the surrounding concrete present
in different test setups. The effect of the normal stress can also be one of the reasons for
this scatter. Other factors include but are not limited to the measuring techniques, different
loading rates, different nominal material properties, quality control of material preparation,
and local damage that initiates at locations of defects.
The normal confining stress generated by the pull-out test was found to have an effect on
the bond strength compared to the beam splice test [6]. In this research, the normal stress
or normal force term will be used to refer to the stress/force component that is normal
(perpendicular) to reinforcement. So, the effect of the substrate stress condition and normal
stress need to be considered to better represent the bond-slip model and better estimate its
points.

1.1.2

Bridge deck application

Previous tests performed by a cooperative research group at the University of Central Florida
and Florida International University [7, 8, 9] demonstrated that a lightweight, low profile
UHPC deck system reinforced with either HSS or carbon FRP (CFRP) rebar is an alternative
to an open grid steel deck in movable bridges as well as the replacement of other bridge decks
and widening projects. The research group produced a combination of UHPC with HSS bar
deck system to meet a designated 17 psf deck weight targeted by the Florida Department of
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Transportation (FDOT). CFRP bar has only about 25% self-weight of an equivalent HSS bar
size; therefore allowing a UHPC-CFRP composite deck with an even lower self-weight than
the equivalent HSS system. However, the shear failure was the governing mode of failure in
most decks of UHPC-HSS decks, while it was a shear-bond failure for two specimens. Also,
the low stiffness of the CFRP bar will lead relatively larger deflection. Additionally, and
since CFRP bar cannot be bent to form the required end anchorage as the HSS or mild steel
bar, the slippage of the bar was one of the problems that were noticed.
As an alternative to the previous UHPC-HSS and UHPC-CFRP deck, a new lightweight
UHPC-FRP composite system has been proposed by the research team to satisfy the selfweight limitation and load demand. Since UHPC has a very high compressive strength while
FRP has a very high tension strength, the use of UHPC along with FRP in bridge decks
application increases both the deck stiffness and strength capacity without placing additional
dead weight on their substructures.

1.1.3

Serviceability

Since live loads on bridges are inherently cyclic and the most loaded elements of bridges
are the decks, the utilization of UHPC composite flexural members under service conditions
requires a better understanding of material serviceability and fatigue behavior. A few studies
have been conducted to understand the behavior of UHPC and UHPC composite members
under the effect of repetitive loads. No conclusions have been made on the fatigue loading
effect on the bond between UHPC and FRP laminates.
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1.2

Objective

The main objective of this research is to study the mechanistic behavior of ultra-high performance concrete composite members using both experimental and analytical techniques.
Strength and serviceability criteria will be used to characterize the behavior of different applications of the UHPC composite structural components. This objective will be achieved
by:

1. Identifying the effect of the normal stresses on the bond strength. The nonlinear
force-deformation characteristics of the bond using both experimental and analytical
techniques were studied.
2. Evaluating the proposed lightweight UHPC-FRP composite deck based on the qualifications of strength, deflection, and composite action between UHPC and FRP.
3. Studying the serviceability of UHPC composite members by investigating the flexural
fatigue loading effect on UHPC and UHPC composite members.

1.3

Plan

This dissertation includes five chapters and two appendices. Chapter 1 includes a brief introduction to the subject area and explains the need for this research. The objective, plan,
and properties of the materials that were used in this study are also presented in this chapter. Chapter 2 deals with the bond-slip relationship of UHPC composite members under
different states of stress. General background and introduction, experimental, analytical,
and numerical investigations are presented in the this chapter. Chapter 3 presents the application of UHPC-FRP composite in the bridge deck field throughout the experimental and
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numerical investigation. Chapter 4 deals with the flexural fatigue performance of the UHPC
and UHPC composite members. Chapter 5 summarizes the work that was accomplished in
this dissertation. It also presents the major conclusions of all experiments and theoretical
analyses, which were executed during this research study. The first appendix includes additional bond-slip derivations of the flexural problem from chapter 2 while the second appendix
presents some bridge applications of FRP decks.

1.3.1

Bond studies

Different test setups have been proposed to study the bond-slip relationship between concrete and reinforcement. The stress condition for both materials as well as the contribution
of normal stress differ from one test to another. A new bond-slip model is proposed that
contains an explicit representation of the normal stress and constitutive model of the substrate. The results from pull-out and beam tests for HSS rebar, single and double lap shear
test for FRP are used to calibrate the essential points of the bond-slip models between the
UHPC (substrate) and the reinforcement (adherent) that are derived from 1D equilibrium
equation.

1.3.2

Bridge deck application

A full investigation on the UHPC-FRP hybrid system is carried out to evaluate the static
response of this deck. Flexural, compressive, and tensile experimental tests are carried out
for this purpose. A finite element analysis (FEA) was performed to simulate the proposed
deck with the bond properties that were derived in the previous chapter to better understand
the behavior of each component of this system, and investigate the how the load is transferred between the individual components of the system. The outcomes of the FEA will be
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considered in the future design of multi-unit multi-span UHPC-FRP deck. This model was
built using the interface element to simulate the bond between the different components.

1.3.3

Serviceability

A flexural fatigue test of UHPC and UHPC composite members is designed to achieve the
design requirements for serviceability, and to better understand the material properties of
UHPC. Two different prism’s size and different test configurations are used for this purpose. Two different fatigue analysis approaches, strain and stress-life, as well as FEA using
OpenSees are presented and discussed. The effect of the fatigue loading on the interfacial
shear stress between UHPC and FRP under a compressive state of stress is also studied.

1.4

Material Properties

1.4.1

UHPC

Ultra-high Performance Concrete (UHPC) is a highly engineered material that has been
studied and developed over several decades. The main components of UHPC are portland
cement, high water reducers, fine aggregate, silica fume, crushed quartz, super plasticizers,
and but not limited to a small amount of steel or organic fibers. The details of the main
components of UHPC and their percentage are listed in Table 1.1[10]. This material differs
from normal concrete (NC) and high-performance concrete (HPC) because it contains little
or no coarse aggregate, a low water-cement ratio, and the addition of reinforcement fibers
that give the concrete non-negligible tension capacity and the capability of resisting tensile
forces after cracking. Also, UHPC has superior properties such as durability, compressive
and tensile strength, and long-term stability when it is compared with NC and HPC. Studies
9

have been done on the mechanical properties of the UHPC and compared with conventional
concrete by previous researchers [11, 12]. Some of the results are summarized in the Table
1.2.
UHPC tends to have a compressive strength greater than 21.8 ksi (150 MPa) and a tensile
strength over 1 ksi (7 MPa). However, a higher compressive strength up to 38.8 ksi (240 MPa)
of UHPC has been achieved during the last several years [13]. Different types of treatment can
play a significant role in improving UHPC properties. Graybeal and Hartmann [14] studied
four different regimes of UHPC curing: ambient air curing, steam curing, lower temperature
(steam) cure, and delayed steam cure. They showed that the strength of the steam cured
specimens is approximately 28 ksi. In contrast, it is 10% lower for the tempered steam and
delayed steam cured specimens, and 35% lower for the ambient air cured specimens.
Table 1.1: Basic Components of UHPC

Amount (lb/yd3 )

Percentage by weight

Weight relative to cement

Portland cement

1200

28.5

1

Silica fume

390

9.3

0.33

Fine sand

1720

40.8

1.43

Ground quartz

355

8.4

0.3

Steel fibers

263

6.2

0.22

Superplasticizer

51.8

1.2

0.043

Water or ice

184

4.4

0.16

Accelerator

50.5

1.2

0.042

Material

The UHPC material from Ductal(R) is used in this research with 2% volume steel fibers. The
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aspect ratio for the typical high strength steel fiber used with this product is 62.5 (0.008 in
diameter and 0.5 in length). The yielding stress for the fiber is 458 ksi and the ultimate stress
is 474 ksi. The modulus of elasticity of the fiber is 29800 ksi [10]. Fine sand is the typical
main component, and it is dimensionally the largest granular material in UHPC ranged
between 150 and 600 µm. Cement is the next largest particle with an average diameter of
15 µm while the size of the ground quartz is approximately 10 µm. The smallest particle
in UHPC is the silica fume, and it has a small diameter that can fill the interstitial voids
between the cement and the crushed quartz particles.
Table 1.2: Comparison of some mechanical properties of different types of concrete

Properties

NSC

HPC

UHPC

3-6

6-14

26 -33

Water cement ratio

0.40-0.70

0.24-0.35

0.14-0.27

Tensile strength (ksi) (cylinder)

0.36-0.4

–

1-3

20-25

10-15

2-6

Modulus of elasticity (ksi)

2000-6000

4500-8000

8000-8500

Poison’s ratio

0.11-0.21

–

0.19-0.24

Air volume (%)

4-8

2-4

0

Creep coefficient

2.35

1.6-1.9

0.2-0.8

Freeze-thaw (%) (300 cycles)

10

90

100

C1-diffusion coefficient

10

49

20

Corrosion

1

0.08

0.01

Compressive strength (ksi)

Porosity (%)
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1.4.2

HSS bar

HSS bar is a high-strength, corrosion-resistant, uncoated steel-reinforcing product that commercially is known as Micro-composite Multi-Structural Formable Steel (MMFX). It offers
twice the strength of conventional steel (120 ksi vs. 60 ksi). The superior properties of
MMFX extend the operational service life of structures beyond 100 years. MMFX also significantly reduces the life-cycle costs which is beneficial for many applications especially for
bridges, marine piles, and severe soil applications. The unique properties of MMFX give designers more flexibility and efficiency to employ in their designs, which can be translated to
better constructability. Due its high strength, the uses of MMFX reduce the amount of steel
needed for any project by 20%-50% comparing to conventional steel which turns in avoiding
the rebar congestion as illustrated in Figure 1.4. This feature allows the concrete to flow
easily during the casting process. Also, less steel also leads to a lesser labor cost, up to 60%,
shorter construction times, and faster project completions. The actual stress-strain curve
of MMFX as shown in Figure 1.3 is recommended for flexural design of concrete members
rather than the assumed elastic-perfectly plastic stress-strain. Moreover, hooked MMFX has
been found to have an excellent bonding with UHPC during the flexural tests of reinforced
UHPC.
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Figure 1.3: Typical Stress-Strain Curve for MMFX vs ASTM Grade 60

(a) Conventional

(b) MMFX

Figure 1.4: Comparison of steel amount between conventional steel and MMFX

13

1.4.3

Composites

A composite material is a physical combination of two or more constituent materials that
form one material which cannot be reformed and that has different characteristics compared
to the individual components. A composite, for instance, may be preferred because it has
higher stiffness with lighter weight and has better corrosion resistance compared to the bulk
materials. An example of composites in structural applications is the composite laminate;
the two main components in its composition are fibers and matrix. The major use of the
composite laminates in structural engineering applications is in retrofitting. The concept
of retrofitting is to increase the load capacity of the existing structures’ elements such as
columns or bridge girders. Nowadays, retrofitting has become dominant because the cost
of strengthening the deficient element using composite material is more economical than
replacing the element.

1.4.3.1

Fibers

Glass Fiber-Reinforced Polymer (GFRP) and Carbon Fiber-Reinforced Polymer (CFRP)
composites are two common types of FRPs that have been used in the infrastructure. Both
of them are under the general category of fiber-reinforced composites. Other types of fibers
include cellulose (wood/paper, fiber, and straw) and high strength polymers like aramid.
There are two major classes of fiber composite materials: continuous and short fiber materials. The continuous fibers are usually in the form of a layered or laminated structure while
the short fibers come in the form of chips or flakes. Different forms of continuous fibers are
available like dry fibers, pre-impregnated fibers, unidirectional tapes, satins, and weaves.
Carbon fiber includes more than 90% carbon that is achieved by the controlled pyrolysis of
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appropriate fibers. The first successful commercial carbon fiber was produced in the early
1960s and used in the aerospace industry. In last few decades, carbon fibers have been used
widely in the applications of fields such as commercial and civilian aircraft and industrial
and structural retrofitting. Carbon fibers used in composites form with a combination of
lightweight resin when high strength, stiffness, light weight, and excellent fatigue performance are required. They are also applicable in a circumstance in which a high-temperature
environment exists. In civil applications, as mentioned before, carbon fibers are used mainly
in structural retrofitting by enhancing the flexural and shear strength of RC by attaching or
by wrapping the carbon fabric or fibers to and around the part that need to be strengthened.
Also, wrapping around RC sections such as building columns can enhance the ductility of
this section and increase the resistance to fail under earthquake loading.
Another common type of fiber widely used in different applications is fiberglass reinforcement.
Even though it is not as strong and stiff as carbon fiber, fiberglass is less brittle and has
good resistance to chemicals. Additionally, its raw materials are less costly. The major
components of the raw material of fiberglass are silica sand, limestone, and soda ash. When
compared to other materials, the fiberglass is very favorable due to its bulk strength and
weight properties. Some disadvantages of fiberglass are low tensile modulus and high specific
gravity compared to carbon. Fiberglass has been used in various applications such as pipes,
boats, automobiles, and aircraft.

1.4.3.2

Resin

Different types of resin (matrix) that have been used in civil engineering application in
combination with carbon, glass, or other types of fibers. The most popular resins include
vinyl esters, polyesters, epoxies, and polyurethanes. Each one has its own unique properties
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and can be used based on several criteria like shear or flexural strength. Civil applications
most usually utilize epoxy or in recent times polyurethane resins with carbon and glass
fibers. Vinyl ester resin is the outcome of the esterification between an epoxy resin with
an unsaturated monocarboxylic acid and is used as an alternative option to polyester and
epoxy in composite materials. Its positive properties include affordable cost, good corrosion
resistance, good tensile strength, fast curing time, and – the most important one – low
viscosity, which makes it the perfect option for resin infusion applications. Its viscosity
is about 225 cps. Vinyl ester is commonly used in the marine application because of the
excellent corrosion resistance and its ability to resist water absorption. Also, it is employed
in automobiles industry, infrastructures, and aerospace applications.
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CHAPTER 2: BOND-SLIP RELATIONSHIP FOR UHPC
COMPOSITES UNDER DIFFERENT STATES OF STRESS

2.1

Introduction

RC structures are a combination of two or more materials with different properties acting
together to resist external loads. The performance of these structures depends mainly on
the bond between their components. Bond stress can be defined as the equivalent unit shear
stress acting parallel to the reinforcement at the interface between the reinforcement and
the surrounding concrete. For RC members, the force in the reinforcing bar changes along
its length because of the transfer of forces through bond stress. Considerable effort has
been invested to study the bond and transfer mechanism between concrete and different
types of reinforcement over the past decades. Hundreds of tests have been carried out on
different types of concrete to validate the existing models and to study the effect of various
parameters on bond stress like: bar diameter, concrete compressive strength, presence of
fibers, etc. However, little attention has been given to the effect of the normal stresses
from the substrate layer (concrete) on the bond-slip relationship. As mentioned in Chapter
1, most of the existing bond models were experimentally derived from the pull-out tests,
and the state of stress in the concrete and the reinforcement matches few cases in actual
construction. In the pull-out test, the concrete is under a compressive condition, while the
steel is a tensile condition. As existing studies have not identified this issue, the calibrated
bond-slip model often will show a notable difference among different tests.
From the material level, the experimentally derived bond-slip model from different tests
should resemble each other. A wide range of their values, however, has been recorded for
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different tests types by different researchers. Many factors have contributed to this wide
range. One reason is related to the different states of stress in the surrounding concrete for
different test setups. For example, in the pull-out test, the rebar will be placed in tension
while the concrete will be placed in compression as shown in Figure 2.1a. On the other hand,
in the beam test as shown in Figure 2.1b, both the bar and surrounding concrete will be
subjected to tensile stress. Moreover, the effect of the normal to interface stress can be one
of the reasons for this scatter. The magnitude and effect of normal stress are different due
to the setup of each test. For example, Figure 2.2 shows the presence and absence of the
normal stresses in the pull-out and direct tension test, respectively.
To address the previous issues, a new bond-slip model is proposed that includes an explicit
representation of the normal stress and constitutive model of the substrate. Mathematical models were derived to represent the relation between load, slip, and strains based on
the proposed bond-slip model for different reinforcement for different boundary conditions.
These models were calbrated experimentally. Four different tests were carried out for both
UHPC-HSS and UHPC-FRP applications. The beam and pull-out tests for UHPC-HSS application represent two different examples of the different state of stress and normal stresses
effect. Also, single and double shear lap tests represent two different examples for the state
of stress in the substrate. The results of these tests are used to calibrate the essential points
of the model bond-slip relationships and validate the material point behavior.
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(a) Stress distribution in pull-out test [6]

(b) Stress distribution in beam test [6]

Figure 2.1: Different stress conditions for different tests

(a) Pull-out test

(b) Direct tension test

Figure 2.2: Normal stresses in pull-out and direct tension test

Different setups have been used to study the bond-slip relationship between reinforcing bar
and concrete [15]. The most common test setups are shown in Figure 2.3. The pull-out test,
as shown in Figure 2.3a, is the most common test, and it is used widely due to its simplicity.
However, it is the least realistic among the four tests that are shown in Figure 2.3 [15] due
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to the different state of stress. Due to the setup of the test, compressive struts will develop
between the support points of the concrete and the bar surface, placing the surface of the
bar in compression, which is different than most RC members. In the beam test, as shown
in Figures 2.3 (b) through (d), both the reinforcing bar and the surrounding concrete will
be in tension, which duplicates the states of stress obtained in RC members. The beam test
gives more realistic and accurate bond strength measurement in actual structures than the
pull-out test [16, 17].

(a)
Pull-out
specimen[15]

(c)
Beam
specimen[15]

(b) Beam end specimen[15]

anchorage
(d) Beam splice specimen[15]

Figure 2.3: Different test setups for bar bond

Additionally, several test setups have been used to determine and evaluate the bond-slip
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properties between concrete and continuous fiber sheets. Some test setups that have been
used in the bond test between FRP laminates and concrete are shown in Figure 2.4. The
most common tests are the single and double lap shear tests, as shown in Figure 2.4a and
2.4b, respectively. Similar to a pull-out test, the concrete near the loading tip in a single
lap shear test will be in compression while the FRP will be in tension. This issue can be
avoided by using a double lap shear test where the concrete near the loading tip will have
the same state of stress as the FRP laminate. The state of the substrate stress is expected
to have an influence on the bond behavior between the concrete and FRP laminate.

(a) Single Lap Shear Test

(b) Double Lap Shear Test

(c) Flexural Test

Figure 2.4: Different test setups for FRP bond

Under heavy loading, the cracking as well as bond failure are unavoidable, which results in
reinforcement debonding. These actions affect the stress distribution in both reinforcement
and concrete [18]. To account for these effects in FEA, two different elements are used
commonly in the modeling of RC structures. The linkage element was proposed by Ngo
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and Scordelis [18] and has no dimensions, i.e., the connected concrete and steel nodes have
identical coordinates. Since it is a zero-length element, only its mechanical properties (forcedeformation relation) are of importance. A second type of element is a bond zone element for
connecting the steel with adjacent concrete elements. This element was proposed by Groot
et al. [19] and has finite thickness. It provides a continuous connection between steel bar
and concrete using the assumption of linear or higher-order displacement field and enables
use of continuum plasticity models.
In the same way, crack initiation and propagation along structural interfaces have been studied using a cohesive zone model (CZM). This model represents an alternative approach to the
fracture mechanics based method for problems at different scales like the bond-slip response
of steel bar in concrete and debonding of adhesive joints and fiber matrix in composites [20].
It is widely used to simulate the interface delamination and progressive failure where two
materials are bonded together. CZM is a relationship between traction (normal and tangential) and separation (normal gap and tangential sliding). Two types of interface elements
were deployed to model the CZM, continuum cohesive zone model (CCZM) and discrete
cohesive zone model (DCZM). CCZM is implemented within continuum type elements, and
the cohesive law is applied at each integration point. The DCZM is easy to implement, and
it is based on the idea that cohesive zone behaves like a spring.
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τmax

Traction (τ)

•

Slip (δ)

Figure 2.5: Exponential form of traction-separation law

Many attempts over the last decades have been made to introduce and calibrate experimentally the bond-slip relationship between the concrete and the reinforcing bar. Eligehausen
et al. [21] presented the bond-slip relationship of deformed bar embedded in well-confined
concrete under both monotonic and cyclic loading as shown in Figure 2.6a. The influence
of various parameters on bond was investigated like confining reinforcement, bar diameter,
concrete compressive strength, loading rate, and transverse pressure. Displacement control
was adopted in the test by applying the required force that is needed to induce the desired
slip. The bond resistance at given slip value was found in proportion to the square root of
concrete compressive strength.
Tassios and Koroneos [22] employed an optical method (Moire Method) to estimate the full
field of strain, stress, and slips of the steel-concrete interface experimentally under monotonic
and cyclic loads. Their specimens consisted a steel sheet on both sides of which concrete
blocks were cast. A static tensile load was applied to the steel, and compressive loads
were applied in the transverse direction. The specimen’s surface was treated to be free
of any imperfection. An external grating that glued to the surface was used to determine
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the longitudinal displacement. The local bond-slip that produced in this study is shown in
Figure 2.6b.

(a) Eligehausen’s model[21]

(b) Tassios and Koroneos’s model[22]

Figure 2.6: Bond-slip relationships

Focacci et al. [23] presented a method to calibrate the FRP reinforcement-concrete bondslip parameters from pull-out tests. This approach considered the slip and bond shear stress
distribution along the embedded portion of the bar which was related to the difference in the
slip of the loaded and unloaded ends. It was found that the most logical results come from the
longest embedment length. Two bond-slip relationships were chosen as examples although
this finding could be applied to any of the analytical results. The chance of obtaining local
bond-slip relationships using long embedment length is rigorously related to the consideration
of the slip and bond shear stress distribution along the embedded bar length.
Soh et al. [24] proposed a damage model for the concrete-steel interface to represent the
constitutive law of the lumped interface model using both tangential and normal factors. In
this model, the damage, failure, and nonlinearity are lumped into zero thickness interface.
In contrast to the tangential traction model, there are no results available for a normal
traction-opening displacement model, and it is difficult to obtain from the displacement. So,
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they assumed a tension-softening behavior with a bilinear response. This proposed model
was applied to describe the nonlinear and softening behavior of the concrete rebar interface
and concrete steel plate interface. They calibrated their model with the results from previous
experiments and showed a good match. They stated that, even though the model was used
for both interfaces, the coefficients used in this model are different and have to be determined
from the respective experimental tests.
Previous studies showed that confinement improved the bond strength of the longitudinal
bars embedded in the RC members. The confinement produces a normal stress to the
reinforcing bar which can be provided by either the lateral reinforcement, the surrounding
concrete, or external FRP sheets. Soroushian et al. [25] studied the effect of confinement
by the compressive strength of concrete on the local bond stress-slip characteristics of a
deformed bar. They mentioned that the bond strength increases in proportion to the square
root of the concrete compressive strength. Harajli et al. [26] stated that the bond strength
between steel bar and concrete increases proportionally with modulus of elasticity of the
confining material. Moreover, the use of steel fiber reinforcement can provide an internal
confinement. The previous study by Harajli et al. [17] showed that by adding 2% of the steel
fiber, the bond strength increased by 33% as compared to the unconfined plain concrete. So,
it important to consider the normal stresses that resulted from different types of confinements
into the bond-slip relationship of RC members.
Similarly, existing researches have led to a numerous of bond stress-slip models for concreteFRP applications to represent the nonlinear interfacial behavior. Yuan et al. [27] mentioned
based on the experimental results that the bilinear model gives a close approximation. This
model features a linear ascending branch followed by linear descending branch as shown in
Figure 2.7a. Wang [28] proposed a new multi-linear bond-slip model to model the debonding
behavior of the concrete-FRP interface under pure mode II loading with excellent agreement
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with the experimental results. This model as shown in Figure 2.7b is comprised of four
regions.

(a) Bilinear model

(b) Multilinear model

Figure 2.7: Different bond-slip models for concrete-FRP applications

2.2

Proposed Model

The previous existing models are derived and calibrated experimentally for the tangential
(shear) direction only. The constitutive models of bond-slip were derived directly from
different tests based on the applied load and the directly measured slip. Since the bondslip relationship is a material point, therefore, the bond-slip relationship between concrete
and specific type of reinforcement should be same for all test. However, the results showed
a notable difference among different tests. These models do not account for the normal
stress effect as well as the substrate state of stress. In this research, a new bond-slip model
between UHPC and HSS is proposed that contains an explicit representation of the normal
stress and constitutive model of the substrate as shown in Figure 2.8. This model is similar
to the previous model from Eligehausen et al. [21] and is comprised of the following four
regions:
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τ = τf

s
, 0 ≤ s ≤ s1
s1

τ = τ f , s1 ≤ s ≤ s2
τ = τf

s3 − s
, s2 ≤ s ≤ s3
s3 − s2

τ = 0, s > s3

(2.1)
(2.2)
(2.3)
(2.4)

Unlike the Eligehausen et al. [21] model, no residual shear stress exists with the new proposed
bond-slip model. The effect of normal stress will be considered as a parameter that affects
the maximum bond stress (τf ) of the bond-slip model as follows:

τf = τmax,0 + ao × σn

(2.5)

where τmax,0 is the maximum shear stress for the case of no normal stress, σn is the normal
to interface stress, and a0 is the experimentally obtained coefficient.

Figure 2.8: bond-slip model for UHPC-HSS
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Both the reinforcement and the surrounding concrete in the beam test and double lap shear
test are in tension. The substrate state of stress contribution was employed in the analytical
approach based on the compatibility equation between the reinforcement and the surrounding
concrete. The presence of the steel fibers gives the UHPC a non-negligible tension capacity
after cracking which is contrary to the normal strength concrete. From reviewing different
studies, different behaviors of UHPC post-cracking can be noticed. This can be attributed to
the gages’ locations and lengths during the test and by the fibers’ orientation and distribution
within the test specimens [29]. The tensile stress-strain curve of UHPC for the strength limit
state proposed by the Association Francaise de Genie Civil (AFGC) is shown in Figure 2.9a.
The subscripts 0.3, 1%, and lim, represent the crack width of 0.3 mm, 1% of the total
section height (h), and one-quarter of the fiber length, respectively. This stress-strain curve
can ensure more realistic behavior of UHPC; however, the determination of the correct values
of post-cracking tensile stress/strain is troublesome. Thereafter, Steinberg [30] proposed a
simplified version of AFGC model by introducing a constant stress response in the middle
region between ε0.3 and ε1% as shown in Figure 2.9b.

(a) AFGC model

(b) Simplified model [30]

Figure 2.9: Tensile stress strain curves for UHPC

28

In this research, a trilinear hardening-softening (HS) model will be adopted as shown in
Figure 2.10 [31]. A modulus of elasticity (E) of 6800 ksi is adopted based on the compressive
test results while the post cracking stiffness (Ep ) is 45 ksi. The first cracking stress is assumed
to be 1.4 ksi.

Figure 2.10: Adopted UHPC tensile stress strain relation

2.3

Analytical Approaches

In this section, the relation between load, slip, and steel strain was derived based on the
proposed bond-slip model for UHPC with HSS reinforcement and the bilinear bond-slip
model for UHPC with FRP reinforcement. Since the substrate state of stress, as well as the
normal stresses effect between beam and pull-out for HSS reinforcement and between single
and double lap test for FRP reinforcement, are different, all tests are studied analytically.
The purpose of this section is to identify the stresses effect among various tests and prove
that the calibrated results are consistent in the material point behavior between the two
tests for each reinforcement type. The backbone points of the specific bond-slip model were
calibrated based on the experimental results in the next sections using least-squares fitting.
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2.3.1

Bond-slip relation of simply-supported RC beam

Consider the infinitesimal beam element with length of dx shown in Figure (2.11), the equilibrium equation can be represented as:

Figure 2.11: Force diagram of RC element

ρo
dεs (x)
= τx
dx
As Es

(2.6)

Z
Ec dεc (x)dAc = −τ (x)ρo dx

(2.7)

where εs andεc are the steel and concrete strain, respectively, τx = bond stress, As = area of
steel bar, ρo = perimeter of the steel bar, Es = steel modulus of elasticity, Ac = effective area
of concrete, and Ec = concrete modulus of elasticity.
The slope of the strain profile at the section shown in Figure (2.12) can be represented by the
variation of curvature φx since the longitudinal strain is directly proportional to the distance
from the neutral axis, dεc = dφx y.
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Figure 2.12: Strain diagram of RC section

The simply supported beam has a T-shape cross section. Two possibilities of neutral axis
depth need to be considered since the flange width is not wide enough to ensure that the
neutral axis is within the flange. The following approach assumed the neutral axis is within
the flange only. The derivation of the case when the neutral axis within the web is listed in
Appendix(A). By integrating Equation (2.7) from 0 to c, where c is the distance from the
extreme compression fiber to the neutral axis:

2τx ρo
dφx
=
dx
Ec bf c2

(2.8)

The concrete tensile strain variation at the location of steel bar can be expressed as:
dεct
2τx ρo
= (d − c)
dx
Ec bf c2

(2.9)

It is mentioned by Kwak and Kim [32] that for rectangular sections, the neutral axis depth
is approximately a constant value (c = 0.4d) from the initial crack until the rebar yields.
Here to be more general, the neutral axis depth will be assumed c = r · d, so Equation (2.9)
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can be simplified to:
dεct
τx ρs n
= Rρo
dx
Es As

(2.10)

where n = Es /Ec , As = ρs bf d, and

R=

2(1 − r)
r2

(2.11)

The slip deformation is defined as the relative displacement between the steel bar and the
surrounding concrete, δ = us − uct . The second derivative of the bond slip equation is:

dεs dεct
d2 δ(x)
=
−
2
dx
dx
dx

(2.12)

By substituting Equations (2.9) and (2.6) into Equation (2.12), the following governing
differential equation for beam bond slip is:
d2 δ(x)
− kb2 f (δ) = 0
2
dx

(2.13)

where f (δ) = τx , and
kb2 =

ρo
(1 − Rρs n)
As Es

(2.14)

Equation (2.13) will be solved for the proposed bond-slip model depending on the specific
boundary conditions.
Linear elastic stage
Figure 2.13 shows the free body diagram and the coordinates of the case study beam. The
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general differential equation for this stage is:

d2 δ(x)
2
f (δ) = 0
− kb1
2
dx

(2.15)

where:
2
= kb2
kb1

τf
δ1

(2.16)

Figure 2.13: Beam’s free body diagram and coordinates

The boundary conditions for this stage are εs (x = Ln ) = 0 and V (x = a) =

P
.
2

The strain

εs (x) and shear V (x) are shown in Equations (2.17) and (2.18), respectively.

εs (x) =

ρo τf
[A1 sinh(kb1 x) + B1 cosh(kb1 x)]
As Es δ1 kb1
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(2.17)

V (x) = ρo d

τf
r
(1 − )[A1 cosh(kb1 x) + B1 sinh(kb1 x)]
δ1
3

(2.18)

After substituting these boundaries, the relative slip and rebar strain can be expressed by:
P δ1
[cosh(kb1 x) − tanh(kb1 Ln ) sinh(kb1 x)]
β1

(2.19)

P τ f ρo
[sinh(kb1 x) − tanh(kb1 Ln ) cosh(kb1 x)]
β1 As Es kb1

(2.20)

r
β1 = 2ρo dτf (1 − )[cosh(kb1 a) − tanh(kb1 Ln ) sinh(kb1 a)]
3

(2.21)

δ(x) =

εs (x) =

where:

This stage ends once the slip at the end of the bonded length (x = a) reaches the critical
value (δ1 ).
Constant shear stage
Once the slip at the end of the bonded length, under the point load, reaches the value of δ1 ,
the shear stress reaches its maximum value τf at that point and expands over a plastification
length (b), as shown in Figure 2.14a. The solution of Equation (2.13) over the length of the
bonded bar started from the end of the plastic tube comprises two regions as follows:
The solution of the region defined by Ln ≤ x ≤ (a − b) in terms of slip, bond strain, steel
strain, and concrete strain is:

δ(x) = A2 [cosh(kb1 x) − tanh(kb1 Ln ) sinh(kb1 x)]
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(2.22)

εb (x) = A2 kb1 [sinh(kb1 x) − tanh(kb1 Ln ) cosh(kb1 x)]

τf ρo A2
[sinh(kb1 x) − tanh(kb1 Ln ) cosh(kb1 x)]
δ1 Es As kb1

(2.24)

Rnρs τf ρo A2
[sinh(kb1 x) − tanh(kb1 Ln ) cosh(kb1 x)]
δ1 Es As kb1

(2.25)

δ1
[cosh(kb1 (a − b) − tanh(kb1 Ln ) sinh(kb1 (a − b))

(2.26)

εs (x) =

εc (x) =

(2.23)

where:
A2 =

The solution of the region defined by (a − b) ≤ x ≤ a in terms of slip, bond strain, steel
strain, and concrete strain is:
τf ρo
(x − a + b)
As Es

(2.27)

Rnρs τf ρo
(x − a + b)
As Es

(2.28)

εs (x) = εs (a − b) +

εc (x) = εc (a − b) +

εb (x) = εs (x) − εc (x)

(2.29)

Since the shear stress at this stage is constant and the slip value at x = a − b is δ1 , the slip
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at any point with this region is obtained by:

δ(x) = δ1 +

εb (x) − εb (a − b)
(x − a + b)
2

(2.30)

By substituting Equations (2.6), 2.10, and 2.28 into Equation 2.30.

δ(x) = δ1 +

τf ρo
(x − a + b)2
(1 − Rnρs )
As Es
2

(2.31)

This stage ends when the slip at the end of the bonded length (x = a) reaches the value of
δ2 , so the maximum plastification length is determined by:

s
bmax =

2(δ2 − δ1 )As Es
τf ρo (1 − Rnρs )

(a) Shear distribution in the constant stage

(b) Shear distribution in the softening stage

Figure 2.14: Shear distribution in the beam test
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(2.32)

Softening stage
Once the plastification region reaches it maximum length, i.e., when δ = δ2 at x = a, the
shear stress in the rebar starts to drop, as shown in Figure (2.14b). The load keeps increasing
as the length of the softening zone (z) increases. The solution of Equation (2.13) over the
entire length of the bonded bar includes three regions as follows:
The solution of the region defined by Ln ≤ x ≤ (a − b − z) in terms of slip, bond strain, steel
strain, and concrete strain is:

δ(x) = A3 [cosh(kb1 x) − tanh(kb1 Ln ) sinh(kb1 x)]

(2.33)

εb (x) = A3 kb1 [sinh(kb1 x) − tanh(kb1 Ln ) cosh(kb1 x)]

(2.34)

τf ρo A3
[sinh(kb1 x) − tanh(kb1 Ln ) cosh(kb1 x)]
δ1 Es As kb1

(2.35)

Rnρs τf ρo A3
[sinh(kb1 x) − tanh(kb1 Ln ) cosh(kb1 x)]
δ1 Es As kb1

(2.36)

εs (x) =

εc (x) =

where:
A3 =

δ1
[cosh(kb1 (a − b − z) − tanh(kb1 Ln ) sinh(kb1 (a − b − z))

(2.37)

The solution of the region defined by (a − b − z) ≤ x ≤ (a − z) in terms of slip, bond strain,
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steel strain, and concrete strain is:
τf ρo
(x − a + b + z)
As Es

(2.38)

Rnρs τf ρo
(x − a + b + z)
As Es

(2.39)

εs (x) = εs (a − b − z) +

εc (x) = εc (a − b − z) +

δ(x) = δ1 +

εb (x) = εs (x) − εc (x)

(2.40)

τf ρo
(1 − Rnρs )(x − a + b + z)2
2As Es

(2.41)

The solution of the region defined by (a − z) ≤ x ≤ a in terms of slip, bond strain, steel
strain, and concrete strain is:

δ(x) = E cos(kb3 (x − a + z)) + F sin(kb3 (x − a + z)) + δ3

(2.42)

εb (x) = −Ekb3 sin(kb3 (x − a + z)) + F kb3 cos(kb3 (x − a + z))

(2.43)

where E and F are constants that can be found by applying the boundary conditions for this
region. The boundary conditions are δ = δ2 at x = a − z; and εs , εc , and εb are continuous
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at x = a − z.

E = δ2 − δ3

F =

εb (a − b − z) +

ρo τf
(1
As Es

(2.44)

− Rnρs )b

(2.45)

kb3

This stage ends when the slip under the point load (x = a) is equal to δ3 or when the shear
stress reaches zero at the same point. Therefore, the maximum value of z can be found from
the following equation by iteration:

(δ2 − δ3 ) cos(kb3 zmax ) + (

εb (a − b − zmax ) +

2.3.2

kb3

ρ o τf
(1
As Es

− Rnρs )b

) sin(kb3 zmax ) = 0

(2.46)

Bond-slip relation of pull-out test

Consider the infinitesimal element for pull-out specimen with length of dx shown in Figure
(2.15), The governing equations that describe force transfer from the bar to the surrounding
concrete through bond are:
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Figure 2.15: Free body diagram for pull-out forces

dσs (x)
ρo
= τx
dx
As

(2.47)

dσc (x)
ρo
= −τx
dx
Ac

(2.48)

The slip deformation is defined as the relative displacement between the steel bar and the
surrounding concrete, δ = us − uc . The second derivative of the slip equation is:
d2 δ
− f (δ)kp2 = 0
dx2
where n =

Es
,
Ec

ρ=

As
,
Ac

(2.49)

and
kp2 =

ρo
(1 + nρ)
As Es
40

(2.50)

By subtituting Equation (2.47) into Equation (2.49), the following equation for the steel
stress can be derived:
ρo
σs =
As kp2



dδ
dx


(2.51)

Elastic Stage

Figure 2.16: Coordinates of pullout test

The general differential equation for this stage is:
d2 δ
2
− kp1
δ=0
dx2

(2.52)

where:
2
kp1
= kp2

τf
δ1

(2.53)

The general solution of equation (2.52) is:

δ(x) = A cosh(kp1 x) + B sinh(kp1 x)
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(2.54)

εb (x) = Akp1 sinh(kp1 x) + Bkp1 cosh(kp1 x)

(2.55)

where εb is bond strain along the length of the rebar. The boundary conditions are εb = 0
at x = 0 and εb = εbo at x = L. The strain εbo =

P
As Es

+

P
.
Ac Ec

By applying these boundary

conditions, the solution of equations (2.52) and (2.55) for relative slip and bond strain is:

δ(x) =

εbo
cosh(kp1 x)
kp1 sinh(kp1 L)

(2.56)

εbo
sinh(kp1 x)
sinh(kp1 L)

(2.57)

εb (x) =

This stage ends when the slip at the loaded end (x = L) reaches δ1 .
Constant shear stress stage The general governing equations for this stage are given by:
d2 δ
2
− kp1
δ = 0 for 0 ≤ x ≤ L − b
2
dx

(2.58)

d2 δ
2
− kp2
= 0 for L − b ≤ x ≤ L
dx2

(2.59)

2
where kp2
= kp2 τf .

The shear distribution at this stage is shown in Figure 2.17a, and the solution of Equation
(2.58) and equation (2.59) can be written in the form of:
for 0 ≤ x ≤ L − b
δ(x) = A cosh(kp1 x) + B sinh(kp1 x)
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(2.60)

for

εb (x) = Akp1 sinh(kp1 x) + Bkp1 cosh(kp1 x)

(2.61)

1 2
(x − L + b)2 + C(x − L + b) + D
δ(x) = kp2
2

(2.62)

2
εb (x) = kp2
(x − L + b) + C

(2.63)

L−b≤x≤L

The boundary conditions are; εb (x = 0) = 0, εb (x = L) = εbo , δ(x = L − b) = δ1 , and εb is
continuous at x = L−b. By applying these boundary conditions to the general solution given
by Equations (2.60), (2.61), (2.62) and (2.63), the solution of these equations for relative
slip and bond strain is:
for 0 ≤ x ≤ L − b
cosh(kp1 x)
cosh(kp1 (L − b))

(2.64)

kp1 δ1
sinh(kp1 x)
cosh(kp1 (L − b))

(2.65)

δ(x) = δ1

εb (x) =

for L − b ≤ x ≤ L
1 2
(x − L + b)2 + δ1 kp1 tanh(kp1 (L − b))(x − L + b)
δ(x) = δ1 + kp2
2
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(2.66)

2
(x − L + b) + δ1 kp1 tanh(kp1 (L − b))
εb (x) = kp2

(2.67)

This stage ends when the slip at the loaded end reaches δ2 , the maximum value of b can be
found numerically from:

1 2 2
bmax + δ1 kp1 tanh(kp1 (L − bmax ))bmax
δ2 − δ1 = kp2
2

L−a−b

b

L−b

τf

(2.68)

b

a

Shear Force

Shear Force (ksi)

τf

Distance (in.)

Distance (in.)

(a) Constant stage

(b) Softening stage

Figure 2.17: Shear distribution in the pullout test

Softening stage
The shear distribution along the length of the rebar is given in Figure 2.17b. The general
governing equations for this stage are given by:

d2 δ
2
− kp1
δ = 0 for 0 ≤ x ≤ L − a − b
2
dx
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(2.69)

d2 δ
2
= 0 for L − a − b ≤ x ≤ L − a
− kp2
2
dx

(2.70)

d2 δ
2
2
δ3 for L − a ≤ x ≤ L
δ = kp3
− kp3
dx2

(2.71)

where:
2
= kp2
kp3

τf
δ3 − δ2

(2.72)

The solution of equations (2.69), (2.70) and (2.71) can be written in the form of:
for 0 ≤ x ≤ L − a − b
δ(x) = A cosh(kp1 x) + B sinh(kp1 x)

(2.73)

εb (x) = Akp1 sinh(kp1 x) + Bkp1 cosh(kp1 x)

(2.74)

for L − a − b ≤ x ≤ L − a
1 2
(x − L + a + b)2 + C(x − L + a + b) + D
δ(x) = kp2
2

(2.75)

2
εb (x) = kp2
(x − L + a + b) + C

(2.76)

δ(x) = E cos(kp3 x) + F sin(kp3 x) + δ3

(2.77)

for L − a ≤ x ≤ L
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εb (x) = −Ekp3 sin(kp3 x) + F kp3 cos(kp3 x)

(2.78)

The boundary conditions are; εb (x = 0) = 0, εb (x = L) = εbo , δ(x = L − a − b) = δ1 ,
δ(x = L − a) = δ2 , and εb is continuous at x = L − a and x = L − a − b. By applying these
boundary conditions to the general solution given by equations (2.73) to (2.78), the solution
of these equations for relative slip and bond strain is:
for 0 ≤ x ≤ L − a − b
cosh(kp1 x)
cosh(kp1 (L − b − a))

(2.79)

kp1 δ1
sinh(kp1 x)
cosh(kp1 (L − b − a))

(2.80)

δ(x) = δ1

εb (x) =

for L − a − b ≤ x ≤ L − a
1 2
δ2 − δ1 1 2
δ(x) = kp2
(x − L + b + a)2 + (
− kp2 b)(x − L + b + a) + δ1
2
b
2

2
εb (x) = kp2
(x − L + b + a) + (

δ2 − δ1 1 2
− kp2 b)
b
2

(2.81)

(2.82)

for L − a ≤ x ≤ L
2
δ2 − δ1 1 kp2
δ(x) = (δ2 − δ3 ) cos(kp3 (x − L + a)) + (
+
b) sin(kp3 (x − L + a)) + δ3
bkp3
2 kp3
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(2.83)

εb (x) = (δ3 − δ2 )kp3 sin(kp3 (x − L + a)) + (

2.3.3

δ2 − δ1 1 2
+ kp2 b) cos(kp3 (x − L + a))
b
2

(2.84)

Single and double lap shear test

Consider the element shown in Figure 2.18, the general differential equation can be written
as (detailed derivations can be found in references [27, 33]):-

Figure 2.18: Equlibrium of bonded joints

d2 δ
2Gf
− f (δ) 2 λ2 = 0
2
dx
τf
Accordingly, the stress in the laminate can be expressed in the following form:
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(2.85)

For single lap shear:
τf2
dδ
σp (x) =
2
2Gf tp λ dx

(2.86)

and for double lap shear:

σp (x) =

τf2
P
dδ
+
)
(
2
2Gf tp λ dx bc tc Ec

(2.87)

where:
τf2
1
bp
(
+
)
λ =
2Gf Ep tp Ec tc bc
2

(2.88)

Elastic stage
The boundary conditions for single and double lap configurations in this stage are σp = 0
at x = 0 and σp =

P
bp tb

at x = L. With these boundaries, the general solution of equation

(2.85) in term of relative displacement, and FRP stress after substituting the corresponding
boundary conditions are:
For single lap,
δ(x) =

P δ1 λ1 cosh(λ1 x)
bp τf sinh(λ1 L)

(2.89)

P sinh(λ1 x)
bp tp sinh(λ1 L)

(2.90)

σp (x) =

and for double lap;


cosh(λ1 x)
cosh(λ1 x)
sinh(λ1 x)
δ(x) = P
+
−
λ1 F2 tanh(λ1 L) λ1 F1 sinh(λ1 L)
λ1 F 2
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(2.91)



P τf
sinh(λ1 x)
sinh(λ1 x)
cosh(λ1 x)
1
σp (x) =
+
−
+
δ1 tp λ21 F2 tanh(λ1 x) F1 sinh(λ1 L)
F2
F2

(2.92)

Elastic softening stage
The boundary conditions for single and double lap configurations in this stage are σp = 0 at
x = 0, σp is continous at x = L − a, δ = δ1 at x = L − a, and σp =

P
bp tb

at x = L. With these

boundaries, the general solution of equation (2.85) in term of the relative displacement and
FRP stress for this stage after substituting the corresponding boundary conditions are: For
single lap; for 0 ≤ δ ≤ δ1 :

cosh(λ1 x)
cosh(λ1 (L − a))

(2.93)

τf
sinh(λ1 x)
λ1 tp cosh(λ1 (L − a))

(2.94)

δ(x) = δ1

σp (x) =

and for δ1 ≤ δ ≤ δ2 :

δ(x) = (δf − δ1 ){

σp (x) =

λ2
δf
tanh[λ1 (L − a)] sin[λ2 (x − L + a)] − cos[λ2 (x − L + a)] +
} (2.95)
λ1
δf − δ1

τ f λ2
{ tanh[λ1 (L − a)] cos[λ2 (x − L + a)] + sin[λ2 (x − L + a)]}
λ2 tp λ1

and for double lap:
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(2.96)

for 0 ≤ δ ≤ δ1 :


δ(x) =


P
P
δ1
+
tanh[λ1 (L − a)] cosh(λ1 x) −
sinh(λ1 x)
cosh[λ1 (L − a)] λ1 F2
λ1 F 2

τf
σp (x) =
tp λ1



(2.97)


1
P
tanh[λ1 (L − a)] sinh(λ1 x)
+
cosh[λ1 (L − a)] λ1 δ1 F2
P τf
P τf
− 2
cosh(λ1 x) + 2
(2.98)
λ1 tp δ1 F2
λ1 tp δ1 F2

and for δ1 ≤ δ ≤ δ2 :

δ(x) = {

P
λ1
δ1 tanh[λ1 (L − a)] −
} sin[λ2 (x − L + a)]
λ2
λ2 F2 cosh[λ1 (L − a)]
− (δf − δ1 ) cos[λ2 (x − L + a)] + δf (2.99)

σp (x) = −

τf λ2
P
{ tanh[λ1 (L − a)] +
)} cos[λ2 (x − L + a)]
λ2 tp λ1
λ2 (δ1 − δf )F2 cosh[λ1 (L − a)]
τf
P τf
+
sin[λ2 (x − L + a)] − 2
(2.100)
λ2 tp
λ2 tp (δ1 − δf )F2
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2.4

Experimental Work

In this section, the design and the results of four different experimental tests are presented.
The beam and pull-out tests consider the application of UHPC with HSS, while the single
and double lap shear test consider the application of UHPC with FRP. These tests represent
different stress condition of the substrate (concrete). Also, the effect of the normal stresses
is different within each test. The results of these tests are used to calibrate the proposed
bond-slip model and prove the material point behavior based on the analytical solutions that
presented in the previous sections. The beam and pull-out tests were done by Saleem et al.
[34] and tested in Florida International University (FIU) labs as part of the broader research
project. More details about these two tests can be found in [34]. Double and single lap shear
tests consider the application of FRP laminates to UHPC. These tests were conducted by
the author at UCF.

2.4.1

2.4.1.1

UHPC-HSS applications

Beam test

This test was done using a four-point bending test, which provided a region of uniform
bending moment and zero shear force. The distance between the two point loads was kept
as 12 in for all beam specimens. Load, deflection at mid span, strain in steel rebar at three
different positions, and slip of steel rebar relative to concrete were measured during the test.
The schematics and instrumentation of the test are shown in Figure 2.19. The embedment
lengths used for beam tests were selected as 10db ,12 db and 14db for #3 and 14db , 16db and
18db for #7 rebars. Also, two beams with #3 and #7 rebar were cast with a full embedment
lengths which equal to 48db and 21db for the #3 and #7 rebars, respectively.
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Figure 2.19: Schematics and instrumentation of beam test

Figure 2.20 shows the load-deflection curves for all beam specimens with all the embedment
lengths. From these curves, the #3 rebar specimens with 10db , 12db , and 14db failed at
an early stage. These specimens cracked at the location where debonding of the bottom
rebar began. These were all premature flexural failures because the steel rebar could not be
fully mobilized due to the absence of any additional flexural reinforcement in the debonding
region. The ultimate steel strain in all #3 beam specimens reached a maximum of 20%
of yield strain, except for the specimens with full embedment length. Also, the #7 rebar
specimens with 14db and 16db failed at the location where debonding of the bottom rebar
began. One of the two specimens each with 18db and 21db crossed the yield strain and failed
in flexure at the mid-span in the zero shear force zone.
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Figure 2.20: Load-deflection curves of beam specimens

2.4.1.2

Pull-out test

All specimens were tested using a Universal Testing Machine (UTM) with a loading rate of
25 lb/s. Load, slip of rebar relative to concrete, and the strain in rebar were measured during
the pull-out tests. The slip was measured using a string potentiometer, and the strain was
recorded using a surface mounted post-yield strain gage. The measured slip was correct due
to the elongation of the steel rebar. The embedment lengths used for pull-out specimens were
selected to be equivalent to the ones from the beam test. Figure 2.21 shows the schematics
of the pull-out test.
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Figure 2.21: pull-out test specimen schematics

Figure 2.22 shows the load slip and load strain curves for #3 and #7 rebar specimens with
all the designed embedment lengths. For #7 rebar, one specimen with 18db showed very
different responses. For the case of high-strength concrete, a previous study showed that
increasing the development length is not an efficient way to enhance the bond strength,
especially when the cover is small [35]. Two out of three #3 rebar specimens with 12db
embedment length passed the yield strain (0.0041), which gives an indication that the #3
rebar development length could be around 12 db . None of the pull-out specimens with #7
rebars reached the yielding strain. All #7 specimens showed linear behavior and failed before
reaching the yielding strain, which indicates that the steel rebars were not fully mobilized.
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Figure 2.22: Responses of pull-out test

2.4.2

UHPC-FRP applications

Nine UHPC specimens were prepared with two different sizes for a double lap shear test.
The dimensions of the first group were 4×4×20 in and 2.5×2.5×20 in. Each specimen was
comprised of two blocks separated by 0.2 in thick plywood. One high-strength threaded rod
was embedded in each block for each specimen through the center of the cross section to
allow the specimens to be gripped during the pull-out test. The diameter of the threaded
rod was 1.0 in for 4×4 in cross section and 0.5 in for the case of 2.5×2.5 in cross section. The
testing matrix and the identification of each specimen are clarified in Table 2.1 and Figure
2.23, respectively.
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Table 2.1: Test matrix for double lap test

Fiber

Glass

Specimen’s size

Carbon

Small

Big

Small

Big

3

2

2

1

No. of tested specimens

Figure 2.23: Specimen’s identification

Six UHPC specimens with dimensions of 4×4×10 in were prepared for the single lap test
with two layers of unidirectional GFRP. The bonded length was selected to be 5 in to match
the one that has been used in the double lap shear test. Two different configurations were
used to enhance the bond strength between the UHPC and GFRP. Three specimens were
prepared by drilling a mesh of grooves while the other three specimens were prepared by
inserting two plastic bolts to connect the FRP to the UHPC as shown in Figure 2.24. The
application of FRP layers to the UHPC surface was done using a vacuum bagging process.
The benefit of using vacuum bagging over the lay-up method is that the final product will
have higher fiber content laminates. Also, lower void contents can be achieved with vacuum
bagging than with wet lay-up. In the double lap shear test, the bond length was 5 in on
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one side while on the other side all the length was bonded to ensure that the debonding will
happen on the desired side. The final dimensions and the bonded length are shown in Figure
2.25.

(a) Grid details

(b) Plastic bolt details

Figure 2.24: Bond strength enhancement methods

(a) Double lap

(b) Single lap

Figure 2.25: Details of bonding length

All specimens were tested using a UTM machine and were subjected to a pure tensile load
(that should cause a direct shear on the adhesive). Total displacement from the machine
and strain from different strain gages in each specimen were recorded to process the data.
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Displacement control was adopted in this test with a loading rate of 0.05 in/min according
to ASTM-D3163 [36]. Two thick steel plates at the top and bottom of UHPC block with
four high strength threaded steel rod were used to support and attach the single lap UHPC
block to UTM platform.
The maximum load, displacement at maximum load from the machine, and failure mode
for all the specimens are summarized in Tables 2.2 and 2.3. Due to the unequal sharing
of load between the two bonded laminates, the debonding on one side propagated faster
than the other sides. All failures happened at the bottom block, where the load was applied
and strain gages were attached, except for two specimens from DC specimens where the
debonding happened at the top block with rupture of carbon fibers. The load displacement
relationship for both tests is shown in Figure 2.26 and 2.27, respectively. The different edge
length or the boundaries between the small and large specimens have no effect on the peak
load. It can be shown that there was no significant difference between the two configurations
of the interface in the single lap test where the results of specimens with bolts or grid mesh
have almost the same peak value. So, increasing the number of grid lines in the bonded area
might help to increase the peak load. The peak load values that have been achieved in the
double lap is greater than the values in the single lap test because the load in the double
lap shear test was resisted by two sides. Since the bolt within SB-B-SP4 failed before the
full debonding of the FRP, the maximum load for this specimen is lesser than the other two
specimens (SB-B-SP5 and SB-B-SP6). However, these three specimens were not included in
the calibrations of the bond-slip model.
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Table 2.2: Tests results of double lap test

ID

Max load

Displacement

(kips)

(in)

DG-S-SP1

2.79

0.2142

Bond failure1

DG-S-SP2

2.73

0.2063

Bond failure2

DG-S-SP3

2.88

0.2041

Bond failure

DC-S-SP4

3.82

0.2828

CFRP rupture3

DC-S-SP5

3.59

0.2306

Bond failure

DG-B-SP7

3.12

0.2289

Bond failure

DG-B-SP8

2.73

0.1943

Bond failure

DC-B-SP9

4.34

0.2393

CFRP rupture3

1

failure on one gage face

2

failure on gages face

3

Failure mode

failure on unloaded block

Table 2.3: Tests results of single lap test

ID

Max load (kips)

Displacement (in)

Failure mode

SG-G-SP1

1.734

0.174

Full debonding

SG-G-SP2

2.088

0.256

Full debonding

SG-G-SP3

2.355

0.310

Full debonding

SB-B-SP4

1.975

Displacement lost

Debonding with bolt shear failure

SB-B-SP5

2.400

0.306

Full debonding

SB-B-SP6

2.270

0.1947

Full debonding
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Figure 2.26: Load-displacement curves for double lap test
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Figure 2.27: Load-displacement curves for single lap test
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2.5

Model Calibration with Experimental Results

There are five essential points for the bond-slip model of HSS applications (τf , δ1 , δ2 , δ3 , a) in
the proposed model. Three points exist for the proposed bond-slip model of FRP applications
(τf , δc , δf ). These points of the proposed models were calibrated with the experimental results
for all four tests setups to obtain the essential points of the constitutive models for the bond.
The load versus the strains at two locations, under the point load and at the mid length of
the bond bar, were used in the calibration of the beam test against the theoretical relation
that were presented in the previous sections. In the pull-out test, the load versus the slip
at the loaded end was used in the calibration. The load versus strains at five locations
distributed along the specimens were used in the calibrations of the proposed model of the
FRP applications for both the single and double lab shear tests.
As mentioned previously, the effect of the normal stresses on the bond-slip relation was
treated as a parameter, and it was obtained using FE analysis. The calibrated points value
of the models are summarized in Table 2.4 and Table 2.5 for the HSS and FRP applications,
respectively. Also, Figure 2.28 shows the comparison between the calibrated results of some
pull-out and beam test. However, some points especially for the beam test with #3 rebar
cannot be found through the calibration of the models against the experimental results.
Some beams failed at a very early stage with a very small value of slip. This failure was due
to insufficient bonded length of the rebar; the beam was cracked at the end of the plastic
tube. Because the failure was a premature flexural failure, the slip of the rebar was within
the elastic stage only. As a result, some specimens were calibrated only for the linear elastic
stage, and they will not be considered in the verification model.
The calibrated results for the pull-out test are comparable and very close in terms of maximum bond stress except for the P-7-18 specimen. This specimen, as mentioned in the
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experimental results section, showed a different response than others. The calibrated slip
values showed small differences among the pull-out specimens. One reason for that could
be the limited experimental data. Results could be more accurate if the free end slip was
recorded and included in the calibration.
Since the beams with #3 rebar failed at a very low load level, calibration only for the
elastic region of the proposed bond-slip model took place. The beams with #7 rebar were
calibrated for the elastic and constant stages only. The calibrated results of beam test were
in good agreement with pull-out test in term of maximum interfacial shear stress. The
normal stress parameter (ao ) is different between each test and depends on the bar diameter
and embedment length. This parameter is higher in the case of #3 rebar for the pull-out
test. The average value for ao is 0.28 for #3 rebar while it is 0.1327 for #7 rebar. In beam
test, there is a notable difference in the values of ao between the #3 and #7 rebar. These
differences are related to the failure of #3 beams at very low load level. Therefore the results
did not show the exact effect of the normal stresses. For #7 beams, the ao value is higher
for the shorter embedment length, and it is ranging between 0.506 for the B-7-21d (beam
with full bonding length) to 1.452 for B-7-14d. However, the slip results of beams with #3
rebar were different from both the pull-out and #7 beam results. Since the results of #7
rebar beams are comparable with results from the pull-out test, the average value of δ3 of
pull-out test was adopted for the beam tests.
Furthermore, the calibrated results of the single and double lap shear tests are comparable
with each other in terms of maximum interfacial shear stress (τf ) and final slip (δf ). However,
there are noticeable differences in the results of the critical slip (δc ) between the single and
double lap tests. The critical from the single lap test were greater than those from the double
lap test. These differences could be related to the introduced grooves mesh in single lap as
mentioned in the previous section. The comparison between the calibrated and experimental
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results for all tests are shown in Figures 2.29, 2.30, and 2.31, respectively.
The results showed the significance of the normal stress and the state of stress in the substrate. On the contrary to the traditional way to derive the bond-slip relationship from the
literature where the normal stresses and substrate state of stress are neglected, the results
from different tests resemble with each other after the inclusion of the normal stresses. This
observation successfully proved that the material point between two different tests (pull-out
and beam test) is the same after including all the variables of importance in the response.
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Figure 2.28: Comparison of some calibrated results

63

0.1

Table 2.4: Calibrated results for pull-out and beam tests

Specimens

δ1

δ2

δ3

τf

ao

P-3-8d

0.019

0.022

0.100

1.185

0.299

P-3-10d

0.018

0.021

0.090

1.179

0.264

P-3-12d

0.027

0.031

0.07839

0.969

0.185

P-7-10d

0.031

0.033

0.081

0.971

0.111

P-7-12d

0.028

0.033

0.059

0.925

0.102

P-7-18d

0.155

0.164

0.25

0.593

0.086

B-3-10d

0.010

0.980

0.10

B-3-14d

0.011

0.9177

0.18

B-7-14d

0.018

0.992

1.452

B-7-16d

0.022

0.0247

1.1327

1.394

B-7-18d

0.019

0.0195

1.156

1.272

B-7-21d

0.020

0.0240

1.216

0.506
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Table 2.5: Calibrated results for single and double lap shear tests

Specimens

τf

δc

δf

Gf

DG-S-SP1

0.3537

0.00038

0.015

0.00265

DG-S-SP2

0.3670

0.00045

0.032

0.00587

DG-S-SP3

0.3730

0.00045

0.018

0.00335

DG-B-SP7

0.4041

0.00042

0.019

0.00383

DG-B-SP8

0.3477

0.00047

0.022

0.00382

SG-G-SP1

0.3386

0.0018

0.032

0.00541

SG-G-SP2

0.3266

0.0019

0.038

0.00457

SG-G-SP3

0.3517

0.0016

0.026

0.00457
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Figure 2.29: Comparison results for beam test

65

2

2.5
×10 -3

30

35

30

25

25

20

Load (kips)

Load (kips)

20

15

15

10
10

5

5
Experimentla
Theoritical

Experimentla
Theoritical

0

0
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Slip (in.)

0

0.05

0.1

0.15

Slip (in.)

(a) P-7-10d

(b) P-7-18d
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Figure 2.31: Comparison results for double and single lab test
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2.6

Verification Model

A two-dimensional FE model was built in OpenSees (http://opensees.berkeley.edu/) to validate the effect of the normal stresses on the behavior of UHPC flexural members (beam test).
The B-7-21d were used in this section as a validation example. The dimensions, boundary
conditions, mesh, bar location, and the loading configuration of B-7-21d are shown in Figure
2.32.

Figure 2.32: B-7-21d configuration

Plane stress four-node stabilized single-point integration quadrilateral elements (SSPquad)
were used to model the UHPC. The quadrilateral elements were assigned the plane stress
LowTension nDMaterial. This material enables the crack formation in the peak principal
strain direction. The post-cracking tension hardening and softening behaviors were included
in the model. The compressive behavior was defined using only elastic material. The typical
principal stress-strain relationship for the LowTension material is shown in Figure 2.33. The
HSS rebar was modeled using two-node displacement beam elements with the ElasticMultiLinear uniaxial material. The uniaxial stress-strain relationship was obtained from previous
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experimental results. The rebar was connected to the surrounding concrete using one dimensional two-node ZeroLength elements in both shear and normal directions. These elements
model the interface between the rebar and concrete and have independent force-deformation
relationships in each of the normal and shear directions.
The normal direction was modeled using elastic-perfectly-plastic gap and elastic no-tension
materials that can transfer only the compressive forces. The interface in the shear direction
was modeled using modified ElasticMultiLinear material with the new trilinear proposed
model based on the calibrated values from the previous section. The values of 0.02 in, 0.024
in, 0.09 in, 1.216 ksi, and 0.5 were used for δ1 , δ2 , δ3 , τf , and ao , respectively. The modified
ElasticMultiLinear material uses a parameter update of τf of the proposed bond-slip model
at each loading step along the rebar by adding the effect of the normal stress to τf .
The load-displacement curves for the case with normal stresses effect and the case without
normal stresses effect are shown in Figure 2.34 along with the experimental results of the
beam test. According to this figure, after considering the normal stresses explicitly, the
peak load was 19.4 compared to 16.8 kips without the normal stresses effect. It can be
shown that the contribution of normal stresses is approximately 15% compared to the case
without considering normal stresses. The normal stresses at the bar surface improve the
bond strength between the reinforcing bar and the surrounding concrete which results in
higher ultimate load capacity for UHPC flexural members.
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Figure 2.33: Stress-strain relationship for UHPC in OpenSees
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Figure 2.34: Load displacement curves for beam with and without normal force effect
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2.7

Discussion and Conclusions

In this chapter, the bond-slip relationship between UHPC and either FRP or HSS based
on different test setups was investigated using analytical, experimental, and theoretical approaches. The pull-out and beam tests from previous studies were used to study the effect
of the normal stresses on the bond-slip relationship between HSS and UHPC under different
states of stress. A new trilinear relationship was proposed to represent the bond-slip between HSS bar and UHPC. This model is similar to the well-known model from Eligehausen
et al. [21]. This model is comprised of four regions, however, no residual shear existed with
this model. The normal stress and the state of stress of substrate are included explicitly in
this model. A plastic tube was used to provide the designed bonded length as a factor of
rebar diameter. The mathematical expressions for slip, rebar strain, and interfacial shear
stress were derived based on the one-dimensional equilibrium of the cross section. The main
parameters of the derived equations (τf , δ1 , δ2 , δ3 ) were calibrated against the experimental
results for each case and each test by including the normal stresses.
The effect of normal stresses was included as a parameter that only affects the maximum
interfacial shear stress as shown in Equation 2.5. Since no experimental data existed regarding the normal stresses in both the pull-out and beam tests, FE analysis was employed to
predict these stresses. As expected, the normal stresses improved the bond strength of the
longitudinal bars embedded in the RC members. The contribution of these forces was different dependent on test configuration, bar size, and the bonded length. The related factor
(ao ) ranged between 0.08 for #7 rebar pull-out test and 1.45 for #7 rebar beam test. This
factor was higher in the case of #3 rebar for the pull-out test. However, there is a notable
difference in the values of ao between the #3 and #7 rebar in the beam test due to the
failure of #3 beams at very low load level. Therefore, the calibrated results of #3 beams
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did not reflect the exact effect of the normal stresses. The factor ao in the beam with full
bonding length (B-7-21d) was lesser than the beams with debonding regions. The less the
bonding length, the higher the value of ao . The calibrated values of the proposed model
successfully proved that the material point between two different tests (pull-out and beam
test) is the same after including all the variables of importance in the response. Unlike the
existing methods in the literature where the normal stresses and substrate state of stress are
not considered, the results from different tests resemble with each other same after including
all the variables of importance in the response.
Results from both single and double lap shear tests are comparable with each other in terms
of interfacial shear stress (τf ). However, the calibrated values of slip in the single lap test
was greater than the value from the double lap test. These differences can be attributed to
the surface roughness that resulted from introducing the grooves along the bonded length.
Due to the setup of both tests, the effect of normal stresses is minor.
A numerical computer model of the beam test was developed using OpenSees to account
for normal stresses and validate the numerical results against the experimental results. This
model has the ability to use a parameter update of τf of the bond-slip relation along the
rebar at each loading step by adding the effect of the normal stress to τf based on the related
parameter ao . According to Figure 2.34, after the explicit consideration of the normal stresses
along the rebar, the peak load was found to be 19.4 kips which is approximately 15% higher
than the case without the normal stresses consideration. The addition of the normal stresses
at the bar surface to tangential shear stress improves the bond strength and changes the
failure mode from the slippage of the bar to the yielding of the bar which results in higher
ultimate load capacity for UHPC members. Due to the higher compressive strength and the
presence of fibers in the case of UHPC, it is essential to account for these stresses in the
design of structural members.
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More experimental data is required to better represent the normal stress effect and calibrate
the associated parameters. The slip at both the loaded and free ends, as well as the strain
profile along the embedded bar in pull-out, is needed for best results. Also, more embedment
lengths with different diameters with a variety of parameters would be preferred to validate
the material points behavior. In beam test, other factors of embedment length of #3 rebar
and other diameters need to be considered, so all beams have sufficient rebar length to
prevent the premature failure. A new beam test needs to be designed so that the rebar slip
happens before other failure modes and has suitable data that cover all three regions of the
proposed bond-slip relationship. Beam end test as shown in Figure 2.3b is a good design
option for this purpose. This test setup mimics the stress state obtained in RC members
where the reinforcing bar and the surrounding concrete are both placed in tension. The
distance between the bar and the compressive force on the bottom need to be at least equal
to the bar embedment length to provide the desired state of stress. The direct tension test
as shown in Figure 2.2b is another option to duplicate the state of stress in both the bar and
the surrounding concrete. Additional confinement can be provided by bonding FRP sheets
externally over the embedment length of the reinforcing bar.

72

CHAPTER 3: LIGHT-WEIGHT UHPC-FRP COMPOSITE
SYSTEM

Al-Ramahee, M., Chan, T., Mackie, K., Ghasemi, S. and Mirmiran, A.
A Paper submitted to Journal of Bridge Engineering (ASCE)[37]

3.1

Introduction

According to the Federal Highway Administration (FHWA 2015), of the over 611,000 bridges
in the United States, about 10% are structurally deficient and another 14% are functionally
obsolete[Figure (3.1)]. Three out of four of the structurally deficient bridges have major
problems with their decks. In addition to structural deficiency, the geometry and weight of
the deck often limit both the load rating and bridge’s functionality. The service life of these
bridges could be extended by replacing their decks [1]. However, conventional methods of
building, replacing, or rehabilitating bridge decks are usually time-consuming [38], and lead
to major traffic delays that may limit the ability and interest in replacing or widening a
bridge, especially in urban areas. Therefore, there is a need for deck systems that satisfy
functionality requirements, can be used with existing substructures, and support accelerated
bridge construction (ABC) techniques.
Ultra-high performance concrete (UHPC) is an advanced structural composite material with
high strength, ductility, and durability. The main components of UHPC are high-strength
cementitious material, silica fume, ground quartz, super-plasticizer, and steel fibers [11, 39].
This material differs from normal strength concrete (NSC) and high performance concrete
(HPC) because it contains little or no coarse aggregate, a low water-cement ratio, and the
73

addition of steel fibers. The presence of the steel fibers in UHPC improves the ductility and
provides non-negligible tension capacity as compared to NSC and HPC.

(a) Structurally deficient bridges
(Map:www.washingtonpost.com)

(b) Functionally obsolete bridge
(Map:www.washingtonpost.com)

Figure 3.1: U.S. map of bridges rated deteriorated

Because of the superior structural characteristics and durability, the recent usage of UHPC
in bridge applications has proved efficient and economical [40]. The durability and wearing
resistance of the UHPC make it ideal to serve the dual purpose of the structural slab and
integral riding surface [41]. One such application was a new lightweight UHPC waffle slab
deck with high strength steel (HSS) rebars that included a solid riding surface developed by
Saleem et al. [42]. They proved the efficiency of a 127-mm-thick UHPC waffle deck with
No. 22 HSS bars through a series of experimental tests with different configurations. This
deck system was further improved and optimized by Ghasemi et al. [43] by reducing its
overall depth to be only 114 mm with No. 16 HSS bars while still meeting the strength and
serviceability requirements.
Fiber reinforced polymer (FRP) composite materials have also found increasing application
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in the repair and rehabilitation of existing bridges, and to some extent in new bridge construction. FRP composites typically exhibit desirable properties such as high strength, high
stiffness-to-weight ratio, long-term durability, fatigue resistance, and good environmental
resistance [44], depending on the fiber and matrix materials employed. FRPs have been
used in the form of reinforcing bars, prestressing strands, and pultruded profiles in repair,
new construction, and composite or sandwich bridge deck applications [45]. FRP composites
were also used in the form of fabrics, laminates, and shells in structural component repair
to improve shear and flexural strengths as well as to provide column confinement [46].
FRP or FRP composite decks are generally fabricated using three manufacturing methods:
pultrusion, filament winding, and vacuum assisted resin transfer molding (VARTM). Several
all-FRP bridge decks were previously constructed and studied in the United States. According to Keller et al. [47], the FRP decks increased the allowable live loads and enabled the
simplification of construction details compared to reinforced concrete decks. Ehlen [48] examined the life-cycle cost effectiveness of the FRP bridge decks compared with conventional
ones. One of the three FRP decks was found to lower life-cycle cost in high traffic overpasses
by lowering construction time to offset higher initial cost.
Several FRP bridge decks have been installed on existing or new bridges in the US during
the past decades. These bridges mainly are located in California, Florida, Delaware, Iowa,
Kansas, Idaho, Illinois, Maryland, Missouri, New York, Ohio, Oregon, Virginia, North Carolina, South Carolina, West Virginia, and Wisconsin. Some examples of these bridges are
listed in Appendix(B). Numerous studies over the last the 1990s have been conducted to
study the applicability of FRP decks in new bridge construction field as well in replacement
of existing deteriorated decks. Much of the research has returned positive results, which
confirms that the composite deck systems have a great potential for success in the field.
However, some studies shared a concern with existing FRP bridge decks including leakage of
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joints, delamination of the wearing surface and fiber reinforced polymer, inadequate stiffness,
and a lack of methods for identifying damage in service [49].
Lee et al. [50] studied a single and multi-cell pultruded glass fiber reinforced polymer (GFRP)
bridge deck for light-weight vehicles under static load and compared the results with finite
element analysis. Delamination of the bottom flange was the failure mode for the single unit,
while compressive failure of the top flange and web shear failure occurred in the multi-cell
deck. Williams et al. [51] conducted an experimental test to study the performance of a
glass fiber reinforced polymer (GFRP) bridge deck that was fabricated using a number of
triangular filament wound tubes between the top and bottom GFRP plates. The deck was
shown to be able to support the HS30 AASHTO design truck load. The failure mode of the
deck was the buckling and the delamination of the outer plates as well as the slippage of the
filler GFRP bars in the section. Cassity et al. [52] developed, tested, and installed an FRP
deck system that was connected to steel girders. The deck was a combination of pultruded
FRP tubes connected by a polyurethane adhesive. The connection performance between
the decks and the girders was investigated under static, fatigue, and durability test. The
deck benefits from rapid installation for rehabilitation and new construction, and exhibited
excellent long-term durability.
Dutta et al. [53] found the fatigue performance of three FRP composite and one FRPconcrete hybrid bridge deck prototypes to be satisfactory under two different extreme temperature conditions. Alagusundaramoorthy et al. [54] evaluated load-deflection response of
FRP composite bridge decks (depth ranges between 203 and 254 mm) that were fabricated
using different manufacturing processes. Different failure modes for different decks were observed such as; fiberglass debonding, web buckling, shear and flexural failure. Robinson and
Kosmatka [55] evaluated the performance of different decks consisting of FRP webbed cores
and compare the results with a baseline balsa core deck. Different failure modes were ob76

served for different decks such as; interlaminar shear failure, web and skin joint failure, web
shear failure, and web shear buckling. Camata and Shing [56] investigated the performance
of a GFRP bridge deck under static and fatigue load cycles. They manufactured and tested
a full-size panel using hand lay-up and found that the delamination of the face shells from
the honeycomb core was the dominant failure mode.
Tuwair et al. [57] manufactured and tested a sandwich panel system that consisted of GFRP
facing layers separated by a polyurethane foam core with a trapezoidal shape. Bond between
the components of the system was enhanced by the corrugated shear layers that connected
the top and bottom facing layers. These shear layers increased both the core shear stiffness
and the global flexural stiffness in the longitudinal direction. However, the failure mode that
observed was the outward wrinkling of the top E-glass facing. Alternative FRP-concrete
connections have been studied to enhance delamination resistance, such as FRP dowel and
shear key, coated sand layer, steel bolt, and perforated FRP rib (PFR). Zou et al. [58]
experimentally studied the efficiency of using PFR connections in the FRP-concrete hybrid
beam using push-out tests. They showed that the PFR ultimate capacity is almost 2.5 times
the ultimate capacity of steel bolts, and the slip resistance is 10 times more than steel bolt
slip resistance.
Although FRP sandwich panels and composites decks are promising options for bridge deck
replacement and new construction, some problems arise with the existing FRP decks. The
flexibility of the GFRP deck due to the low elastic modulus of GFRP [8] makes satisfying
serviceability criteria difficult. The delamination of the top and bottom faces from the core
often limit the capacity of the system. Moreover, the additional wearing surface can add more
self-weight to the deck and create an additional interface (top face and the overlay) that may
debond. The objective of this study is to develop and evaluate a new UHPC-FRP composite
deck system with reduced weight and high performance that serves to increase the load rating
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of existing bridges as well as improving functionality and service life. This lightweight bridge
deck would also allow widening of existing bridges without placing additional dead weight
on their substructures. The use of UHPC with FRP in bridge decks application increases
both the deck stiffness and strength capacity in addition to minimizing the possibility of
FRP buckling failure.
UHPC has a very high compressive strength while FRP has a very high tension strength.
Theoretically, therefore, a deck system with UHPC cast as the upper layer for compression
resistance, carbon fiber reinforced polymer (CFRP) distributed on the bottom layer for
tension resistance, and GFRP as shear reinforcement is an efficient system. The UHPC
plate also acts as an integral wearing surface, so no additional overlay is needed. Seven
lightweight UHPC-FRP composite deck units were fabricated using VARTM for monotonic
flexural testing along with two deck segments for compression testing. Tensile coupon tests
for material characterization were also conducted. The summary of the tests results is
outlined and compared with load demand requirements per AASHTO-LRFD [59]. Finally,
the system was modeled using finite element software to compare with the experimental
results and investigate the load transfer mechanisms.

3.2

Design and Materials

A cross section of the typical deck unit proposed is shown in Figure 3.2. The overall depth
of the deck was selected to be in the range of 102-127 mm to be compatible with the decks
in previous research [42, 60, 43], and the width was set to be 254 mm. A typical panel width
for bridge deck application is 1524 mm, so six of these deck units would form one typical
panel. The decks were prepared with two different sizes with approximately the same shear
span over depth ratio. The first size was 1220 mm long and 127 mm deep, and the second
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size was 864 mm long and 102 mm deep.

Figure 3.2: Schematic of deck unit cross section

The top UHPC plate thickness was selected to be either 13 mm or 19 mm for weight limitations and to avoid punching failure. Unidirectional CFRP layers were distributed on the
bottom layer of the deck and the thickness ranged between 3 mm to 4 mm. Unidirectional
GFRP layers were placed underneath the UHPC plate to provide a better bond between the
UHPC plate and the rest of the deck. The GFRP thickness was selected to be in the range
of 2 to 2.5 mm. The web was constructed using multiple layers of bidirectional GFRP with
a thickness range of 5.1-6.5 mm with orientations between 60◦ -63◦ . The foam was used as
filler material to minimize deck weight and increase the buckling capacity of the web.

3.2.1

Materials and properties

The commercial UHPC material Ductal R was used for the top plate. The premix cement,
superplasticizer, and high strength steel fibers were supplied by Lafarge North America.
The mechanical properties of UHPC have been investigated by previous researchers [10, 61].
The compressive strength of UHPC according to the manufacturers specifications can range
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between 150-200 MPa for Ductal with metallic fibers if a heat treatment process is applied.
The post-cracking direct tensile strength at 0.3 mm crack width can reach 10 MPa. The heat
treatment process was not applied to any of the specimens presented in this paper. Two
batches were used for the casting of the top UHPC plates. The average 28-day compressive
strengths were 166 MPa and 160 MPa for the first and second batches, respectively, using
102 × 205 mm cylinder tests.
The carbon fiber used was 410 g/m2 -12K unidirectional fabric from iLLSTREET Composites, and it is compatible with polyester, epoxy, and vinyl ester resins. The unidirectional
GFRP that was placed under the UHPC plate was 440 g/m2 fabric manufactured by AGY.
The bidirectional GFRP that was used for the web shear reinforcement was 610 g/m2 , and
0.55 mm thick E-Glass fabric from US Composites. A chopped mat was used with the
bidirectional glass fiber in the web to build the thickness (increase buckling resistance) and
enhance resin transfer. Chopped mat contains randomly oriented long fiberglass strands that
are linked together with a styrene-soluble binder that works like glue connecting the fibers.
Vinyl ester typically has low viscosity, which makes it a good choice for resin infusion applications. Vinyl ester #1110 resin from Fibre Glast Developments was used. The manufacturer specified tensile strength is 82 MPa and modulus of elasticity is 3720 MPa based on the
ASTM D638 tests. It has a pot life of 15-30 min, 275 cps viscosity, good corrosion resistance,
and is fully cured in 24-48 hours. The foam core was 32 kg/m3 closed cell polyisocyanurate
foam from Fibre Glast Developments. The manufacturer specified tensile modulus is 8,440
kPa and compressive modulus is 4,823 kPa. The foam was easily customized to the desired
shape(s) by cutting to size and gluing several sheets together.
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3.2.2

Design

A sectional, buckling, and a preliminary finite element analysis were performed for a series of
deck cross sections to help select the parameters of the deck unit specimens. The performance
criteria were minimizing the self-weight below 1.0 kN/m2 , a maximum depth of 125 mm, and
satisfying the AASHTO load requirements. The design goal is the crushing of top UHPC
plate happens before the CFRP rupture, and the limitation on this load will be governed by
the actual behavior of the interface. The parameters considered in the preliminary design
were UHPC plate thickness and width, FRP thickness, and the orientation of the web layers.
The UHPC and CFRP thickness were the main parameters determined by sectional analysis,
while the orientation and GFRP thickness were the main parameters determined by buckling
analysis.
In sectional analysis, the behavior of UHPC in compression was modeled using a trilinear
stress-strain curve and the maximum compressive strain of UHPC limited to be 0.0032, as
recommended by Aaleti et al. [62]. The stress-strain behavior of CFRP and GFRP were
modeled as linear brittle. Perfect bond was assumed between the top plate and GFRP
based on limitations of a linearly-varying strain through the depth. For design purposes,
elastic moduli were assumed to be 45 GPa, 75 GPa, 25 GPa, and 10 GPa for UHPC, CFRP,
unidirectional GFRP, and bidirectional GFRP, respectively. The live load demand for the
single unit single span deck was calculated based on loading configuration and deck width [59]
and found to be 47.5 kN. This represents an upper bound on the demand since multiple units
will resist the load in full-size deck panels. The corresponding mid-span moment demands
were 13.1 and 7.8 kN-m for the 1220 and 864 mm long deck, respectively. The sectional
results showed that within the constrained parameter space, the nominal moment capacity
ranges between 28.8 to 30.6 kN-m, defined by crushing failure of the top UHPC plate.

81

For buckling analysis, the FRP web can be treated as an elastic beam while the surrounding
foam can be treated as elastic foundations on both sides of the web. Past studies indicate the
foam increases the buckling capacity of the web [55]. In addition, the foam provides extra
support to local bending and punching of the UHPC plate in the proposed deck. The web
buckling load for a fixed-end boundary condition (on both ends) with finite length beam is
given by Hetényi [63].

Pcr = 4

√
π 2 EI
+
2
kEI
l2

(3.1)

where Pcr is the critical buckling load, E is web modulus, I is the web moment of inertia,
l the length of the supported beam, and k is the stiffness of the elastic foundation. The
second term of Eq. 3.1 is related to the foam contribution, and the value of k was set to
double the foam elastic modulus [55]. The critical buckling load based on beam on elastic
foundation theory (BEF) for the selected web thicknesses and orientations was found to be
within a range of 70-120 kN, and therefore not the limiting mode.

3.3

Experimental Methods

A total of seven deck units were tested in flexure with different lengths, heights (different
number of FRP layers), and loading conditions as shown in Table 3.1. The decks are grouped
according to test, loading type, and UHPC thickness. The specimen nomenclature uses F1
or F2 to refer to flexural specimens and loading configuration, F1 for wheel tire load F2
for four-point load. The numbers 13 and 19 represent the UHPC thickness following by
the specimen number. Two deck segments were tested in compression, with both specimens
having the same cross section as the F2-13-4 and F2-13-5 specimens. The dimensions of
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each deck segment were 254 mm long, 254 mm wide, and 102 mm thick. The specimen
nomenclature uses the prefix C for the compression tests followed by the UHPC thickness
and specimen number.
Table 3.1: Testing matrix

Deck

Total

Total

UHPC

CFRP

Web

Top

Orientation

length

depth

thickness

layers

GFRP

GFRP

θ

(mm)

(mm)

(mm)

layers

layers

F1-13-1

1220

127

13

4

3

3

60

F1-19-2

1220

127

19

5

4∗

3

60

F2-13-1

864

102

13

5

5

5

63

F2-13-2

864

102

13

5

5

5

63

F2-13-3

864

102

13

5

5

5

63

F2-13-4

864

102

13

5

6

6

63

F2-13-5

864

102

13

5

6

6

63

C-13-1

254

102

13

5

6

6

63

C-13-2

254

102

13

5

6

6

63

* No chopped mat was used with this specimen

3.3.1

Composite manufacturing process

The composite, or hybrid, specimens were prepared using VARTM infusion to get a highquality system with a better adhesion and fiber volume fraction than would be achieved
using typical wet layup. This method is typically suitable for manufacturing of carbon and
glass fiber composites. The UHPC plates were cast at the structural laboratory at Florida
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International University. After casting the UHPC plates, several longitudinal and transverse
grooves were drilled to promote resin flow and bond between the UHPC plate and top GFRP
layers. The grid spacing was 51 mm for all specimens, except for F1-13-4 and F1-13-5, which
had a decreased spacing of 25.4 mm to improve resin transfer ability, as shown in Figure 3.3.

Figure 3.3: Number of grooves in F1-13-4 and F1-13-5 decks

The two deck units for wheel tire load testing (F1-13-1 and F1-19-2) were infused and cured
in one step, including the UHPC plate. All of the decks for four-point loading were infused
in two steps to better enable resin transfer and fiber wet out along the length. The foam core
and web FRP reinforcement were infused and cured first, upon which they were combined
with UHPC and CFRP to achieve the final infused specimen.
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3.3.2

Laminate characterization

Tensile tests were performed to obtain the mechanical properties of FRP laminates. To mimic
the flexural specimen preparation, all coupons were prepared using VARTM and the same
number of layers utilized in the hybrid system. Twenty-three coupons were prepared with
305 mm length, 25.4 mm width, and different thicknesses depending on the number of FRP
layers. Natural G10 FR4 fiberglass epoxy sheets from ePlastics Inc. were used in the end
tabs with beveled-edge to prevent gripping damage. The coupon tests were conducted using
an Instron SATEC universal testing machine (UTM) with a loading rate of 1.27 mm/min as
recommended by the ASTM [64]. One 120 Ω strain gage produced by Kyowa was attached
to the middle of the coupon to record the longitudinal strain during the test. A summary
of the test results are shown in Table 3.2.
Table 3.2: Laminate Properties

Width Thickness

Mean tensile

Mean failure

Fiber type

3.4

(mm)

(mm)

modulus (GPa)

load (kN)

Carbon

25.4

2.54

124

38.12

Uni-directional glass

25.4

1.8

38

22.5

Bi-directional glass

25.4

3.8

12.4

17.3

Test Setup and Instrumentation Plans

The compression tests were performed using a UTM under displacement control with a
loading rate of 2.54 mm/min. Steel plates were used at the top and bottom of each specimen
along with 25.4 mm thick high-grade neoprene sheet under the top steel plates to uniformly
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distribute the applied load over the whole surface area. The middle part of foam was removed
to provide enough space to attach the strain gages on the web and top GFRP layers. A
polyurethane foam was poured later to substitute the removed parts. In addition to the
strain gages, load and displacement from the machine were recorded during the test.
In the flexural tests, all decks were loaded monotonically until a significant drop in the load
was observed. Both F1-13-1 and F1-19-2 were loaded at the middle of the span. A 508 mm
x 254 mm steel plate on top and with longer side parallel to the length of the specimen was
used to simulate the HS20 truck dual-tire wheel [59]. The instrumentation plan and loading
arrangement are shown in Figure 3.4. Four strain gages were attached to the bottom surface
(CFRP layer on the tension side), and one strain gage was attached to the top UHPC plate
(compression side). In addition to the strain gages, two string pots were used at the center
of each specimen to record the maximum deflection. After preparing the setup, they were
tested using a 1024 kN capacity hydraulic actuator with a loading rate of 0.76 mm/min.

Figure 3.4: Instrumentation plan for strain gages for tire wheel load test
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All of the 102 mm thick decks were tested using four-point load configuration using a UTM
under displacement control rate of 0.76 mm/min. Three strain gages were attached to
the bottom CFRP and one strain gage was attached to the top UHPC plate between the
loading noses. A linear variable differential transformer (LVDT) was used to record the
displacement at the mid-span. Also, one LVDT was placed at each support to calculate the
relative displacement. The instrumentation plan and loading arrangement of this system
are shown in Figure 3.5. All instruments for all tests were connected to a data acquisition
system with a sampling frequency of 1 Hz.

Figure 3.5: Instrumentation plan for strain gages for four-point load test
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3.5

Experimental Results

3.5.1

Compression tests

Figures 3.6a and 3.6b show the load-deflection and load-strain responses of the two specimens.
Both specimens ultimately experienced bearing failure rather than buckling failure of the
webs. The web strain shows unloading in C-13-1 (B1) due to bending of the web as the
UHPC plate developed a longitudinal crack at the midpoint between the webs. Failure
occurred (A1) due to excessive movement of the webs/foam transversely outward. However,
there was a small gap under the top plate in C-13-2 that caused transverse UHPC bending
and punching at the faces of the webs (A2), as shown in Figure 3.7. The load increased
again (B2) due to the webs, with the ultimate failure (C2) occurring in a similar manner to
C-13-1.
With the geometry of the tested specimens, the total vertical component of predicted Pcr
according to Eq. 3.1 is 75.0 kN (37.5 kN for a single web), which exceeded the ultimate
experimental capacity for the two specimens of the compression test. The contribution of
the foam in Eq. 3.1 was found to be 52% of the critical load for web thickness equal to 5.1
mm and 44% for web thickness equal to 6.1 mm.
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Figure 3.6: Responses of the compression test specimens

Figure 3.7: Failure mode of C-13-2
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3.5.2

Flexural tests

Figures 3.8a and 3.8b show the load-deflection curves for the wheel tire and four-point load
flexural tests, respectively. The interface strength between the UHPC and the top GFRP
layers plays a significant role in the performance of the proposed deck and controls the
behavior of the system. An audible indication of delamination of the top UHPC plate was
noticed for all specimens during the test. Delamination of the top UHPC plate started at
the supports. As the load increased, delamination propagated toward the two point loads
until the peak load was reached, similar to the observations of Tuwair et al. [57].
For the wheel tire load test, F1-13-1 (with chopped mat) shows a stiffer behavior and higher
load capacity than F1-19-2 (without chopped mat). Forensic investigation on the tested
sections showed that specimen F1-13-1 was fully infused while specimen F1-19-2 had some
regions of dry fiber. The lack of resin in some regions of F1-19-2 made the debonding failure
even lower. There is a significant increase in the strength of F2-13-4 and a slight improvement
for F2-13-5 due to the bond enhancement as a result of the increased number of grooves.
The normalized mid-span moment for F2-13-4 was 14.6 kN-m/m which is about 95% of the
normalized moment capacity of same depth deck that was tested by Ghasemi et al. [60].
Since both decks have the same depth, the mid-span moment was only normalized by the
width. At the end of the test, some minor cracks in the UHPC plate were observed under
and between the loading points in the four-point loading tests. Also, a UHPC punching
failure was observed at the supports of F1-19-2 due to high local shear force.
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Figure 3.8: Load-displacement responses for flexural specimens

Figures 3.9 and 3.10 show the load versus strain curves for both test configurations at the
top UHPC plate and bottom CFRP layer, respectively. The peak compressive strains in the
UHPC plate were 0.0006 and 0.0022 for the wheel tire and four-point load tests, respectively,
or 20% and 70% of the crushing strain of the concrete (εcr = 0.0032). The maximum tensile
strains at the bottom CFRP layer for the wheel tire and four-point load test of the deck were
0.0022 and 0.0025 respectively, which are lower than the ultimate CFRP strain (εu = 0.01).
The intermediate drops shown in the responses of both F2-13-1 and F2-13-3 decks appear
to be due to slip during debonding propagation, as evident in Figure 3.10a.
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Figure 3.9: Load-strain responses for tire wheel load flexural test specimens
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Figure 3.10: Load-strain responses for four-point load flexural test specimens

Table 3.3 summarizes the experimental load, normalized moment, and deflection results for
all deck specimens along with the capacity/demand ratio achieved. The strength demand
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was met for all deck specimens. The mid-span deflection limits corresponding to L/800,
where L is the span of the deck [59], are 1.38 mm and 0.95 mm for F1 and F2 specimens,
respectively. Considering only one-way bending, two units would be necessary to satisfy
the serviceability criteria for both the F1 and F2 specimens. However, only a single unit
for the F2 specimens is necessary to satisfy a serviceability limit of L/360 used by other
researchers [51, 65] in interpreting experimental results. Williams et al. [51] demonstrated
that the L/800 limit is for bridge girders not the decks. Moreover, the limit of L/800 is
considered only for steel, aluminum, and/or concrete vehicular bridges not for FRP bridges
[59].
Table 3.3: Flexural test results

Normalized
Total
Deck

ultimate

Deflection

Deflection

Capacity

moment

at

at ultimate

/de-

(kN-

load (mm)

load (mm)

mand

Ultimate
depth

service

load (kN)
(mm)

m/m)
F1-13-1 127

63.9

1.77

4.67

12.2

1.35

F1-19-2 127

53.1

1.47

8.13

16.8

1.12

F2-13-1 102

60.5

1.00

1.80

6.6

1.27

F2-13-2 102

66.5

1.10

2.12

6.9

1.40

F2-13-3 102

47.3

0.78

2.02

9.9

1.00

F2-13-4 102

88.3

1.46

1.84

6.86

1.86

F2-13-5 102

73.2

1.21

1.88

7.0

1.50
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3.6

Finite Element Analysis

Three-dimensional (3D) finite element analysis (FEA) was performed using MSC.Marc R
[66] to compare with measured deformations from the four-point bending tests and better
understand the structural behavior of the deck. Eight-node hexahedral elements were used
to simulate the UHPC and foam with isotropic material properties. Four-node quadrilateral composite laminate membrane elements were used to model the web GFRP and shell
elements were used to model the rest of the FRP layers. The configuration of the elements
types is shown in Figure 3.11b.
Eight-node hexahedral elements were used to simulate the bond between the UHPC and
top GFRP. An interface/cohesive model was used to simulate the onset and progress of
delamination. The constitutive behavior of these elements is defined in terms of tractions
versus the relative displacements between the top and bottom edge/surface of the elements.
A bilinear bond-slip relation was used in the model with parameters of cohesive fracture
energy Gf , critical opening displacement (displacement at peak stress) vc , and maximum
displacement opening vm .
The parameters of this cohesive zone model were calibrated using single- and double-lap shear
tests previously performed on specimens utilizing the same composite system as this study
[1]. To obtain bond-slip curve parameters, the analytical strain distribution equations along
the laminate derived by Yuan et al. [27], Wu et al. [33] were fitted to the experimental strain
data using nonlinear least squares. The calibrated parameter values were cohesive energy
Gf = 0.62 N/mm, critical opening displacement vc = 0.01 mm, and maximum displacement
opening vm = 0.5 mm.
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(a) Loading, and boundary conditions

(b) Element configurations

Figure 3.11: Finite element model of 4-point load test

The multiaxial behaviors of UHPC were defined through a uniaxial stress-strain diagram.
The tension response was assumed to be bilinear with tensile strength σcr = 8.3 MPa,
modulus of elasticity E = 48.8 GPa, ultimate crushing strain εcrush = 0.0032, and tension
softening modulus of concrete Es = 345 MPa. Cracking was defined by comparing the
principal stress to the critical cracking stress in tension. The stresses in the principal direction
decrease with increasing strain after cracking based on the softening modulus Es . The
element loses rigidity at the particular integration point when the stiffness is zero at any
integration point. The UHPC behavior in compression was modeled using a trilinear curve.
The maximum stress value occurs at the crushing strain. The crushing behavior is described
in a multiaxial stress state by a crushing surface having the same shape as the yield surface.
However, the UHPC response was found to be within the elastic range only.
F2-13-2 and F2-13-4 deck specimens were analyzed using the same FE model by adjusting
the FRP thickness and the interface parameters for each deck. The typical mesh, boundary
conditions, and applied load for the generic FE model are shown in Figure 3.11a. The
two point loads were modeled as line loads at locations consistent with the experiments,
as shown in 3.11a. An arc-length based load stepping scheme was used to control the load
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step. The load-displacement and load-strain plots comparing the simulated results with the
experimental results for F2-13-2 and F2-13-4 are shown in Figures 3.12 and 3.13, respectively.
Overall, the FE model for both decks captured the trends in initial stiffness and failure
mode. The simulated stiffness was higher; therefore, the deflections were lower than the
experimental values by approximately 18% and 8% for F2-13-2 and F2-13-4, respectively.
Table 3.4 shows the comparison between the simulated and experimental results. The model
successfully captured the interfacial shear failure, as shown in Figure 3.14. The drop in
the peak load occurred when the slip reached its maximum effective opening displacement
(vm ) at the critical location. Similar to the experimental observations, the softening of the
interface started at the support at the end of the elastic stage, as shown in the contours of
Figure 3.14a. As the load increased, the delamination propagated to the other locations of
the deck.
The FE model showed that the foam has a minor effect on the flexural behavior of the deck.
As shown in Figure 3.13a, the ultimate load for F2-13-4 when the foam was removed was
91.5 kN, which represents 94% of the ultimate load for the original case. The corresponding
displacement for the no-foam case at ultimate load level was 6.05 mm. The vertical load
was shared between the UHPC and inclined webs. The percentage of the shear force that
the webs resisted was found to be 65% at the beginning of the analysis and then dropped
to 52% at the end of the elastic stage. This is consistent with the compression test results
where the full contribution of the foam to buckling resistance is not mobilized.
The model was extended to better understand the limiting failure modes. Mechanical shear
connectors were introduced into the F2-13-4 model. Vertical FRP dowels were modeled
using circular solid elements with 3.2 mm diameter and 13 mm length. These connectors
were distributed along the length of the deck at 51 mm spacing. The compressive modulus
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of elasticity was set to be 13 GPa. The results indicate that arresting interfacial shear failure
shifts the failure mode to crushing of the UHPC top plate under the two point loads. Figure
3.15 shows the comparison with the experimental results and the contours of the stress
distribution, where the FE model was stopped once the strain at the top plate reached the
ultimate crushing strain.
Sectional analysis results over predict the ultimate load for F2-13-4 due to some assumptions.
Sectional analysis estimated the capacity based only on the normal strains at the center of
the section. However, the FE model demonstrated the peak UHPC strain was at the point
above the top end of the web where negative transverse bending and punching shear occur
simultaneously. By comparing the strains at the center of the section with those from the
sectional analysis, the predicted load from the sectional analysis and FEA were 153 kN and
139 kN, respectively.

(a) Load-displacement relation

(b) Load-strain relation

Figure 3.12: Experimental and FEA results for F2-13-2 deck
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Figure 3.13: Experimental and FEA results for F2-13-4 deck

Table 3.4: Experimental and FEA test results

Peak Load

Deflection at peak load

CFRP strain at peak load

Deck
Experimental FEA Experimental

FEA

Experimental

FEA

(kN)

(kN)

(mm)

(mm)

(mm/mm)

(mm/mm)

F2-13-2

66.5

71.7

6.6

5.36

0.002331

0.001926

F2-13-4

88.3

97.6

6.9

6.41

0.002173

0.002189
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(a) Interface failure (test)

(b) Interface failure (FEM)

Figure 3.14: Failure modes and contour lines of shear stress in finite element model
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Figure 3.15: FEM results of mechanical connectors case

3.7

Discussion and Conclusions

This paper presents the characterization of an innovative lightweight low-profile UHPC-FRP
composite deck system. This deck combines a UHPC plate for compression resistance, CFRP
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laminates for tension resistance, and GFRP for shear resistance. The reduced self-weight
compared to existing decks allows an increase in the load rating of existing bridges and
accordingly improves their functionality and service life.
AASHTO demand load requirements were met by the single unit, single simple span specimens. Multiple units (e.g., two units for 864 mm span specimens) are necessary to satisfy
the AASHTO and FHWA serviceability guidelines (L/800). The bond strength between the
UHPC and the top uni-directional GFRP plays a significant role in the performance of the
hybrid deck and controls the behavior of the system. Increasing the number of grooves in the
top UHPC plate has been shown to be an effective way to enhance the bond strength between
the top UHPC plate and the GFRP layer which can be seen in the behavior of the F2-13-4
and F2-13-5 decks. Further improving the bond may be achieved with mechanical/FRP
connectors, resin beads, and more grooves/holes in the UHPC. FE results confirmed that as
the interface was improved, the failure mode was the crushing of the top plate.
The compression test results show the vertical load path was limited by bearing failure due
to transverse bending and punching of the UHPC plate. Comparing the results of flexural
and compression tests, the ultimate bearing capacity is higher than the load in the flexural
test except in the F2-13-4 deck. The predicted buckling load from BEF theory was higher
than the ultimate load for the compressive test, but only due to the contribution of the foam.
Therefore, the foam serves the important role of arresting local bending of the UHPC plate
and preventing the buckling failure mode from occurring. However, based on finite element
results, it does not contribute substantially to the flexural strength.
The proposed deck weight ranges between 0.5 kN/m2 to 0.6 kN/m2 , which make it a good
option for the cases when the weight is a concern. Additionally, the UHPC top layer acts as an
integral wearing surface so an additional overlay is not needed. Despite the promising results,
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additional investigations are still required before the deck is ready for field implementation;
load distribution between adjacent units, effects of continuity and negative moment effects
need to be studied by manufacturing and testing multi-unit multi-span deck. The deck to
girder/deck to deck connection and fatigue performance also need to be investigated.
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CHAPTER 4: BEHAVIOR OF UHPC AND UHPC
COMPOSITE MEMBERS UNDER FLEXURAL FATIGUE
LOADING

4.1

Introduction

Failure due to fatigue has been considered mainly as a serious design problem in many
civil engineering applications such as bridges and pavements that are subjected to repetitive
loading. Fatigue is the progressive and localized structural damage that occurs to a material
that is subjected to a state, which produces repeated loadings or deformations with a magnitude less than the yield strength of this material. The number of repeated loads that cause
fatigue failure depends on the frequency and intensity of these loadings, but the number
increases as the load decreases or visa-versa. Early fatigue research by German engineer
August Whöler found that an applied load below the yield strength of any material did not
cause any damage to the material. On the other hand, if this load was repeated many times,
it could lead to a complete failure, a failure that suddenly occurs without any warning or
indication. The fatigue life of any member is the number of load cycles on the time interval
of the applyied loads to the member before fracture. The number of cycles are affected by
many factors (ASTM, 1972). For instance, they are affected by 1- the type of load (flexural,
uniaxial, torsion), 2- the nature of load-displacement curve, 3- the frequency of cyclic load,
4- the history of load (constant, variable, or random load), 5- member size, 6- the material
flaws, 7- method of manufacturing, 8- the temperature of operating and 9- the environmental
operating conditions [67].
During their service life, concrete structures may be subjected to different cycle numbers
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from different sources. These cycles can be classified into three main categories depending
on the intensity of load level: low-cycle fatigue (LCF), high-cycle fatigue (HCF), and super
high-cycle fatigue (SHCF) [68]. The term low-cycle loading involves the application of a few
load cycles at relatively high-stress levels. For instance, it is used to simulate the extreme
loading scenarios like earthquake or wind loading. On the other hand, the term high-cycle
loading is characterized by a large number of cycles at relatively low-stress levels and ranges
approximately from 1000 to 10,000,000 cycles. One example of this category is the traffic
loading on bridges or pavement. These three categories are summarized in Table 4.1. Within
these categories, a different mechanism of failure has been noticed in the concrete. The
controlling mechanism in the LCF category is the development of mortar crack which leads
to continuously cracked networks, while the production of bond cracks in a gradually slow
process is the dominant mechanism in the HCF category [68].
Table 4.1: Fatigue load classes and applications

Class

Low cycle fatigue

Number of cycles

1 10

100

High cycle fatigue
103

104

105

106

Super high cycle fatigue
107

108

109

Highway
Airport

and

Mass

pavements

railway

rapid

Sea

and

bridges,

transit

structures

bridges

highway

structures

Structures
Application
subjected to
area
earthquakes
pavements

From previous literature, the fatigue failure mechanism in concrete can be divided into three
distinct stages [69]. The first stage involves the weak regions within the concrete and is
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termed “flaw initiation”. The second stage is characterized by the slow and progressive
growth of the inherent flaws to a critical size known as micro-cracking. The third stage is
when a sufficient number of unstable cracks have formed that will continue to enlarge and
eventually lead to failure. Sometimes the three stages are summarized as two parts [70, 71]:
the deceleration stage and the acceleration stage. The rate of crack growth decreases as the
crack grows in the deceleration stage, while there is a steady increase in the crack growth
rate right up to failure in the acceleration stage.
A couple of different testing approaches have been adopted to estimate the structural element
lifetime fatigue performance. A widely accepted approach in the engineering field called
stress-life method is usually applied for HCF and mainly used for long fatigue life prediction
where the strain is elastic. This method represents the relationship between the stress range
(S) and fatigue life (N ) in the form of (S − N ) curves. If N is plotted on log scale axis and
0

S is normalized by the static strength of identical specimen fc , the resultant S − N relation
is independent of the concrete strength, curing condition, and specimen shape [68]. Hsu [68]
proposed two equations for LCF and HCF categories based on the S − N curve by taking
into account the effect of loading rate and time.
High cycle fatigue

Smax
= 1 − 0.0662(1 − 0.556R) log N − 0.0294 log T
fc0

(4.1)

Smax
= 1.2 − 0.2R − 0.133(1 − 0.779R) log N − 0.053(1 − 0.445R) log T
fc0

(4.2)

Low cycle fatigue
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where R is the stress range (Smin /Smax ), T is the time period of each cycle in seconds. The
product of T and N represents the loading duration. The previous equations were derived for
0

compression fatigue test but are applicable for flexural fatigue if the compressive strength fc
is replaced by the rupture modulus tested at ASTM loading rate, and Smax is the maximum
stress at the extreme fiber in flexural. The S − N method does not distinguish between
crack initiation and propagation but offers a direct visual graphical representation of fatigue
performance for certain loading parameters. On the other hand, another admitted approach
is based on fracture mechanics concepts and is used to evaluate the structures components
strength with the crack or defect presence. It has been incorporated in the finite element
(FE) approach [72, 73]. This method relates the initial crack growth to the number of fatigue
cycles (N ) as described by Paris’ law [74].

∆a
= C(∆K)m
∆N

(4.3)

where a is the initial crack size, C and m are material constants, and ∆K is the range of
the stress intensity factor that can be determined by Equation(4.3) [75].

√
∆K = Y (a)S πa

(4.4)

where S is the stress range and Y (a) is a function of the crack geometry.
Goel et al. [76] investigated the flexural fatigue behavior and the probability of failure of
self-compacting fiber reinforced concrete beams (SCFRC) by using different fibers volume
fraction (0.5%, 1%, and 1.5%). A total of 332 beams (100x100x500 mm) were tested for
both static and fatigue flexural tests under third point loading. They presented the results
in the form of Whöler diagram and generated the S − N − Pf curves to show the relation
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between stress level S, fatigue life N , and the probability of failure Pf graphically. They used
the probabilistic concepts to predict the flexural fatigue strength of the concrete because
its data was random and naturally scattered. According to their results, they concluded
that SCFRC exhibited a better fatigue performance compared to normally vibrated fiber
reinforced concrete (NVFRC).
The FRC has been found to have similar or even better fatigue behavior than plain concrete.
However, a degradation of fatigue life may result from the introduction of more flaws caused
by fibers [77]. A positive effect of fibers has been found to exist in the flexural bending test
compared to the compression test [78]. Lee and Barr [78] conducted a comparative study
between plain concrete and FRC with a fiber content of 0.5% and 1% from previous studies.
Regression lines for the results as shown in Figure 4.1 showed a slight degradation in the
FRC fatigue life relative to plain concrete under compression loading. However, there was a
significant benefit derived from the addition of fibers for flexural bending loading because of
the ability of the fibers to bridge the cracks and extend the fatigue life. As mentioned early,
the fatigue failure mechanism in concrete is divided into three distinct stages. In FRC, the
closely spaced and randomly oriented fiber reinforcements can delay and inhibit the growth
of the flaws in the second stage. The action of fiber bridging and fiber pullout dissipate the
energy in the wake of the crack tip. This mechanism has a dominant role in restraining crack
growth and therefore increases the load carrying capacity of FRC specimens.
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Figure 4.1: Comparison of FRC and plain concrete

Recently, UHPC has been increasingly used in structural applications with particular performance needs. However, little information is known about the fatigue and cyclic behavior
of this type of cementitious material. Kolluru et al. [71] performed a quasi-static flexural
strength fatigue tests on notched high performance fiber reinforced concrete (HPFRC) beams
under the third point bending. In the post-peak part of the quasi-static loading response, the
fatigue tests were carried out by unloading the specimen at different points. Four different
load ranges were used to perform low cycle, high amplitude fatigue tests up to the failure.
Regarding the fatigue crack growth, two distinct stages were found. In the first stage, the
rate of crack opening was decelerated while it was accelerated in the second stage. As the
deflection under fatigue loading was much larger than that for static loading, the failure
criterion based on deflection is not suitable.
A new class of high-performance fiber-reinforced cementitious composite (HPFRCC) has
been developed at Cardiff University under the name CARDIFRC. This material was characterized by high compressive strength (more than 200 MPa), tensile/flexural strength (up
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to 30 MPa). A large brass-coated short steel fibers (up to 8% by volume) was used in the
cementitious matrix densified by the use of silica fume. Farhat et al. [79] performed a flexural
fatigue bending with three-point tests on CARDIFRC. Small beams (100 x 100 x 500 mm)
with CARDIFRC had a very high scatter and a rather poor fatigue performance. However,
additional tests were performed on thin slabs (360 x 90 x 35 mm). The researchers mentioned that none of the tested specimens had any visible cracks during one million cycles
which were related to the improved distribution of the fibers within the specimens. Then,
the fatigue performance was much better; for upper load levels below 80% of the average
static strength, no failure occurred. They mentioned that the endurance limit of CARDIFRC
was approximately at 85% of its flexural strength which was very high and not very often
observed in the relevant literature.
Behloul et al. [80] performed a series of flexural fatigue load tests on two mixes of Ductal R
and demonstrated that the material properties recommended for design by the French code
were on the safe side. The specimens were pre-cracked first under static flexural loading;
then the fatigue test was performed under cyclic load between 10% and 90% of the elastic
limit on the pre-cracked specimens for 1,000,000 cycles. After 1 million cycles, no sign of
degradation was observed. Lappa et al. [81] studied the static and fatigue behavior of ultrahigh performance concrete under bending. Several beams (750x125x125 mm) were cast.
After the fatigue test, half of each beam was retested again under three-point bending as
one method to correct the actual value of the upper load level. The image analysis was the
second method to count the number of fibers and their orientations in a cross section just
2 cm away from the fracture surface. They stated that calculating the exact value of the
upper load level is the main difficulty of constructing the Whöler curves.
As mentioned in the first chapter, utilization of the UHPC beams under service conditions
requires a better understanding of material serviceability issues such as fatigue in addition
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to consideration of strength. To investigate the design requirements for serviceability, a
preliminary flexural fatigue tests were implemented. Several trials of fatigue tests have been
done on UHPC itself. Also, numerous studies have been conducted on the normal reinforced
concrete that strengthened with FRP. Since the new composite deck in Chapter 3 had FRP
bonded to UHPC, no conclusions have been made on the fatigue behavior of the interface
between UHPC and FRP laminates. The main objective of the test was to obtain data
regarding the fatigue performance of UHPC and UHPC beams strengthened with GFRP
plates on compression side that could be used for the future design. So, flexural fatigue tests
were performed in the current research to address this issue.

4.2

Experimental Work

Experimental tests were performed to study the behavior of UHPC and UHPC-FRP composite members under consecutive flexural fatigue loading. A total of 18 ultra-high performance
concrete prisms with two different sizes were cast for this purpose in three batches. The
first group of eight prisms (2x3x20 in) were cast in two different batches (five prisms in the
first batch and three prisms in the second batch). The second group of ten prisms (1.5x4x15
in) were also cast in two batches (three prisms in the second batch and seven prisms in the
third batch). The first group was tested under three point loading with center-to-center span
equal to 18 in as shown in Figure 4.2a. A 3 in long GFRP laminate was bonded to the top
of second group prisms to study the effect of the repetitive load on the bond between both
materials. Two prisms from this group were tested without the top GFRP. All prisms in the
second group were tested under four point load configurations with a 12 in. center-to-center
span as shown in Figure 4.2b. A detailed summary is shown in Table 4.2. The 28 day average
compressive strength for the first and third batches was 22.0 ksi, and it was obtained using
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4x8 in cylinders. The average compressive strength for the second batch was 18 ksi, obtained
from 2x4 in cylinders. The fatigue tests were delayed several months due to a technical issue
with the testing machine. After the fatigue test, all prisms were cut to 2x2 in cubes and
tested to find the compressive strength. The average compressive strength was 26 ksi which
exceed the 28-day compressive strength.

(a) Group 1 fatigue setup

(b) Group 2 fatigue setup

Figure 4.2: Fatigue test setup

Table 4.2: Prism’s summary

Dimensions (in)
Group

Number of prisms
Test configuration

L

b

h

1st batch

2nd batch

3rd batch

total

1

20

2

3

6

3

-

9

three point load

2

15

1.5

4

-

3

7

10

four point load

All tests were performed in a servo-controlled MTS hydraulic test machine. To specify the
maximum and the minimum stress/load limits for the fatigue tests, a static flexural test of
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the prism from each batch was performed to determine the static flexural strength of all
batches before its fatigue testing. One prism from each group was tested under displacement
control with a 0.05 in/min loading rate. For the first group, the strain from foil-backed
resistance gage at mid-span and displacement from a linear variable differential transducer
(LVDT) at the center of the span and supports were recorded for analytical purposes. For
the second group, the data from one strain gage that was mounted to the surface of the
GFRP laminate; three strain gages at the bottom of the prism and displacement from three
LVDTs at the mid-span and under each point load were recorded. The rest of the specimens
from particular batches of concrete were tested in flexural fatigue. Some prisms in were
stopped at 1,000,000 cycles, the static flexural tests were performed to measure the residual
strength.
The stress ratio was kept constant for all tests (R = Smin /Smax = 0.15). The fatigue tests
were performed under load control with different stress ratios at 2 Hz frequency. For the first
group, the max applied load was selected depending on the outcomes of the prior test. All
prisms in the second group were pre-cracked before fatigue testing. The pre-crack tests were
terminated when 1- a cracking sound was heard, 2- a drop in the load was observed, or 3- a
crack was visually observed. The max load level in this group was selected as a percentage
of the pre-cracking load. The testing matrix with the actual applied load for all prisms is
shown in Tables 4.3 and 4.4 for the first and second group, respectively. The first part of
the specimen ID refers to the group number (G), the second part refers to batch number
(B), and the last part refers to specimen number. The letter (F) means that the prism has
GFRP on the top while letter (N) means that the prism has no GFRP on the top.
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Table 4.3: Test matrix of first group with the achieved load

Prism ID

Ultimate load
(kip)

Max applied load Max stress

Number of cycles

(kip)

ratio

(N)

1.65

50 %

7000

1.65

50%

1,000,000

G1-B1-5N

1.8

55%

1,000,000

G1-B1-6N

2.1

65%

1,000,000

1.45

60%

1,000,000

1.8

75%

1,000,000

G1-B1-3N
G1-B1-4N
3.35

G1-B2-7N
2.4
G1-B2-8N

Table 4.4: Test matrix of second group with the achieved load

Prism ID

Pre-cracking load Max applied load Max stress

Number of cycles

(kip)

(kip)

ratio

(N)

G2-B3-2F

3.80

2.85

75%

1,000,000

G2-B3-3F

4.40

4.40

100%

80

G2-B3-4F

5.00

3.50

70%

541,000

G2-B3-5F

3.28

2.62

80%

9,300

G2-B3-6F

3.60

2.88

80%

1,000,000

G2-B3-7N

3.20

2.40

75%

924,000

G2-B2-8F

3.90

2.90

75%

836,000

G2-B2-9F

5.30

4.80

90%

390,000

G2-B2-10N

4.00

3.60

90%

1,000,000
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4.3

Results Discussion

The static bending tests results are presented as load displacement curves in Figure 4.3. It
can be seen from this figure that there is a slight difference between the responses of the
G1-B1-1N and G1-B2-N. The difference in the responses can be related to the variance of
the compressive strength for each batch. The peak load was 3.356 kips with 0.0574 in the
corresponding displacement for G1-B1-1N, while the load was 2.41 kips with 0.0506 in the
corresponding displacement for G1-B2-2N.
The G2-B3-1N showed a different response due to the fact it had different geometry and
was tested under different loading configuration. Despite the efforts to ensure symmetrical
loading through the two-point load, the rotation of the actuator that occurred during the
test made one of the spherical load points closer to the prism than the other. This condition
caused one of the spherical load points to apply more load than the other, which resulted in
asymmetry loading condition. This observation was verified by taking a closer look at the
displacement and strain results. Analytical work on these results showed that the load was
applied by 77% on one point and 23% on the other.
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Figure 4.3: Flexural static test results

Moment-curvature analysis was performed to confirm the results of the static flexural test
using OpenSees. The analytical results showed good agreement with both G1-B1-1N and
G1-B2-2N. The ultimate analytical moment for G1-B1-1N was 15.3 (kip-in) compared to 15.1
(kip-in) from the experiment while it was 12.1 (kip-in) compared to 10.8 (kip-in) from the
experiment for G1-B2-2N prism. The outcomes of these two results were used to predict the
cracking and ultimate load of the G2-B3-1N prism using OpenSees. The predicted cracking
load was 4.5 kip, and the expected ultimate load was 8.59 kip. The average cracking load
from the experiment for the second group was 3.9 kip, which is close to the analytical results.
The results of moment-curvature analysis are shown in Figure 4.4.
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Figure 4.4: Moment curvature analysis of static test

Figure 4.5 shows the progress of mid-span displacement of G1-B1-5N and G2-B3-7N measured by the LVDT with the number cycles of the applied load. These prisms were tested
under load levels equal to 75% of the cracking static load. Also, the displacement history responses for G1-B1-4N at 1,000th cycle, 100,000th cycle and 500,000th cycle as well
as 1,000,000th cycle are shown in Figure 4.6. It is obviously seen from this figure that the
displacement at the mid-span prism increased as the number of cycles progressed. Due to
no signs of failure, all tests were terminated at 1,000,000 cycles. The only exception for this
group is G1-B1-3N, which failed after 7000 cycles.
Table 4.4 shows that group two prisms have a different number of cycles ranging from only
80 cycles for G2-B3-3F to 541,000 cycles for G2-B3-5F. Four prisms of second group tests
were also terminated at 1,000,000 cycles, and one was stopped at 836,000 due to an error
in the testing machine although they were pre-cracked. G2-B3-3F has the lowest number of
cycles among the others. One reason for that was the high maximum applied load. This
prism was loaded to 100% of the pre-cracked load. Moreover, this prism was cut at the
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failure plane to examine the distribution of the fibers along the cross section. The fibers in
this prism were poorly distributed specifically at the extreme tension fiber, which explains
why this prism failed at a very early stage.
Table 4.5 summarizes the maximum and minimum mid-span displacement obtained from
the LVDT for each prism in the first group at the end of the fatigue test. A consistent result
was shown in G1-B2-7N and G1-B2-8N, where the Pmax /dmax ratios were 54 and 56 kips/in,
respectively. The G1-B1-3N showed a different response than other specimens in batch one,
and it was failed earlier than the others. However, all prisms had maximum displacements
less than the displacement at ultimate load level in the static tests.
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Figure 4.5: The progress of the displacement with load cycles
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Table 4.5: Maximum and minimum displacement achieved in group one

Specimen

Min. displacement (in)

Max. displacement (in)

G1-B1-3N

0.024

0.034

G1-B1-4N

0.006

0.015

G1-B1-5N

0.01

0.022

G1-B1-6N

0.005

0.017

G1-B2-7N

0.007

0.027

G1-B2-8N

0.018

0.032
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Figure 4.6: Displacement progress of G1-B1-4N at selected cycles
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The results as summarized in Table 4.6 showed that G1-B1-4N, G1-B1-5N, and G1-B2-7N
lost about 18%, 15%, and 3%, respectively of their strength. However, there was an increase
in the flexural strength for both G1-B1-6N and G1-B2-8N after they were subjected to fatigue
loading. This increase may be attributed to the age of the prism at the day of the test. The
fatigue test was delayed around five months after the static test because of issues with the
hydraulic equipment. Another contributing factor to the increase in the strength was that
the fiber distribution and orientation may be different among prisms. The same increase in
the strength was noticed by Ramakrishnan et al. [82]. They attributed their increase to the
maximum applied strength during the fatigue test. The lower maximum applied load, the
higher increase in the flexural strength after fatigue test which is contrary what observed
in this research. The residual strength tests for the first batch of this group are shown in
Figure 4.7.
Table 4.6: Flexural strength summary after fatigue test

Prism ID

First ultimate

Second ultimate

load (kips)

load (kips)

G1-B1-4
G1-B1-5

3.35

G1-B1-6
G1-B2-7

Difference (%)

2.76

-18 %

2.837

-15 %

4.31

28.6 %

2.34

-3 %

2.9

21 %

2.4
G1-B2-8
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Figure 4.7: Flexural strength after fatigue test

The strain data for top GFRP laminate in the second group showed a consistent behavior
during the loading history. Most of the prisms have almost the same range during the test.
The cases when the top strain response has inconsistent and progressive behavior are when
the crack was extended to the top of the prism or when a local failure happened under
the spherical load points. Figure 4.8a shows the progress of some prisms along the loading
history while Figure 4.8b shows comparison of strain data that collected from some prisms
at specific cycle (100,000th ). The results showed the stiffness (pmax /εmax ) of for G2-B2-8F
and G2-B2-9F prism (from the same batch) were 84 and 72, respectively.
All specimens were cut near their failure surface to scrutinize the fiber distribution within the
cross section. Photos of sections were taken using a high-resolution digital camera. The fibers
were highlighted due to the reflected light from the smooth metal surface which provides
contrast to the cement matrix. A Matlab code was written to read the images, identify the
fiber points on the cross section, and find their percentage relative to the total cross-sectional
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area. The results are presented in Table 4.7. Figure 4.9 illustrates the comparison of two
specimens from the second group. Poorly distributed fibers in G2-B3-3F at the bottom
tension face are evident, which explains why this specimen failed at a very early stage.
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Figure 4.8: GFRP strain comparison

Table 4.7: Fiber percentage with the cross section

Specimen

G1-B1-3N

G1-B1-4N

G1-B1-5N

G1-B1-6N

G1-B1-7N

G1-B1-8N

Fiber (%)

2.12

2.52

3.11

3.05

2.97

2.88

Specimen

G2-B3-2F

G2-B3-3F

G2-B3-4F

G2-B3-5F

G2-B3-6F

G2-B3-7N

Fiber (%)

3.37

2.22

2.13

2.45

2.29

2.32

Specimen

G2-B2-8F

G2-B2-9F

G2-B2-10N

Fiber (%)

2.10

2.71

3.06
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(a) G2-B3-3F

(b) G2-B2-9F

Figure 4.9: Fiber distribution within the cross section for selected specimens

As mentioned earlier, four of the group two prisms were terminated at 1,000,000 cycles
and one was terminated at 836,000 cycles. Therefore, they were tested monotonically for
residual strength purposes. The results of these tests are shown in Figure 4.10. Since the
predicted crack load from OpenSees showed a good agreement with the experimental results,
the predicted ultimate load was used as a reference to compare with the residual strength
test. The results of the residual test, along with the predicted ultimate load, are summarized
in Table 4.8.

121

It is worth mentioning that the failure patterns of the tested UHPC in the second group were
predominantly in flexure even though the shear span ratio a/d was as low as 1.0. Only two
prisms, G2-B3-7N and G2-B2-9F, were failed with a shear failure pattern. Most of them failed
within the fatigue or residual test with a single large crack opening propagating vertically
from the tensile fiber to the top compressive fiber between the loading points at constant
moment region. This phenomenon was also observed by Chan [83] where unreinforced UHPC
specimens had a shear span ratio equal to 1.2. Figure 4.11 shows the two failure modes that
were observed in group two.
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Figure 4.10: Flexural strength after fatigue test for the 2nd group
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Table 4.8: Flexural strength summary after fatigue test for the 2nd group

Prism ID

Predicted ultimate

Second ultimate

load (kip)

load (kip)

Difference (%)

G2-B3-2F

7.72

-10 %

G2-B3-6F

6.41

-25 %

6.97

-18.5 %

G2-B2-8F

6.59

-23 %

G2-B2-10N

8.12

-5.5 %

G2-B3-7N

8.59

(a) Flexural

(b) Shear

Figure 4.11: Failure mode of group two
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4.4

Fatigue Analysis Approaches

Generally three methods have been employed to analyze and calculate the fatigue life for
all materials. These methods used for calculating the fatigue life are 1- stress-life approach,
2- strain-life approach, and 3- fracture mechanism approach. Each method has its area of
application, but there are commonalities among them. A majority of stress-life or strain-life
material curves were generated using constant amplitude testing to failure. However, due
to the eccentricities encountered in these tests, both the stresses and strains had variable
amplitudes during the cyclic tests. The same concepts that used in the constant fatigue
test can be used in the analysis of the variable amplitude fatigue with the addition of cycle
counting and cumulative damage. In variable amplitude fatigue, the equivalent constant
amplitude cycles and repetitions should be identified. Then, the fatigue damage for all of
the cycles during the cyclic history are summed using Palmgren-Miner linear damage rule to
get the entire history damage [84]. This typical linear damage rule was proposed by Palmgren
in 1924 and later modified by Miner; it is commonly referred to the as the Palmgren-Miner
rule. This method assumes that the damage produced from applying one cycle at certain
stress level is linearly proportional to the ratio of the number of applied cycles of this stress
level to the total number of cycles until failure at same stress level.

Di =

ni
NF i

(4.5)

where Di is the damage parameter for stress level Si , ni is the number of the applied cycles
at this stress level, and NF i is a constant amplitude failure count at that specific stress level.
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Failure is expected when the summation of all damages of all stress levels is equal to 1.

n
X
i=1

n
X
ni
Di =
=1
NF i
i=1

(4.6)

n1
n2
nn
+
+ ... +
=1
NF 1 NF 2
NF n
Although this theory does not recognize the order and the interaction of applied cycles and
neglects the past stress history before the certain level, it is still the simplest and the most
widely used method for fatigue life prediction. For concrete, Siemes [85] mentioned that this
method is remarkably good for variable amplitude loading. However, Oh [86] found that
the damage’s summation was less than 1 when the fatigue loading magnitude is gradually
decreased while it was greater than 1 when the loading magnitude is gradually increased.
A traditional model of fatigue life (Basquin Equation) to calculate the fatigue life based on
stress fatigue approach is written as shown in Equation(4.7).

0

SN F = σf (2Nf )b

(4.7)

where; SN F is the stress corresponding to the fatigue life Nf (number of half cycles to failure),
0

and σf and b are material constants. When components are subjected to stresses less than
their yield stress, they do not experience plastic deformation and will have relatively long
lives. Stress based fatigue life prediction was one of the first analytic methods developed
to predict the fatigue damage. It is only applicable to high-cycle fatigue. The effect of the
stress ratio has been studied by Aas-Jakobsen [87]. He showed by using a modified Goodman
diagram that there is a linear relationship between the stress ratio (R) and the normalized
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0

maximum applied stress (σmax /fc ).

σmax
= 1 − b(1 − R) log10 Nf
fc0

(4.8)

0

where Smax is the maximum applied stress, fc is the concrete compressive strength, R is the
stress ratio, and b are material constants. The previous equation has been verified for both
splitting-tensile and compressive concrete tests with b = 0.0685 [88, 89]. Oh [90] showed it
is also applicable for flexural fatigue of plain concrete with b = 0.069.
On the other hand, strain based life fatigue is a more developed method, and it applies to
both low-cycle and high-cycle fatigue. The basic steps in this method are very similar to
those in a stress life-based model, except here the elasticplastic strains are used to predict
damage. The calculated strain range is used based on CoffinManson relation as shown in
Equation(4.9).

εe εp
+
2
2
0
σf
0
εa = (2Nf )b + εf (2Nf )c
E
εa =

(4.9)

0

where; εa is the strain amplitude, E is the modulus of elasticity, εf is the fatigue ductility
coefficient, i.e., the failure strain for a single reversal which is assumed to be 2500 µε for
UHPC, and c is material constants for the plastic strain term. The above equation is used
only for zero mean stress (R = 0) which is not the case in this test. So, it needs to be
expanded to include the mean stress effect (σm ). Several existing models dealt with the
effect of mean stress on the strain-life fatigue behavior. The Morrow equation is one of the
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models that is used to account for the mean stress effect.

0

σf − σm
0
(2Nf )b + εf (2Nf )c
εa =
E

(4.10)

The standard method to form a fatigue model is done by plotting the applied stresses/strains
versus the number of cycles to failure for each stress/strain level on the log-log scale. The
slope of the resulting log-log curve represents the fatigue material parameter (b). Since the
experimental data is variable strain amplitude and cannot be used to form the traditional
S −N curve, the form of the fatigue life model was assumed, and the material parameter was
calibrated based on the cumulative linear damage theory under variable strain amplitude
cycling. In this section, both approaches were employed to calculate the fatigue life Nf
(number of cycles to failure) for each stress or strain level as a function of the material
parameter (b). Since the test results showed that it has a high cyclic fatigue, only the
elastic term of Equation (4.9) was used in the analytical part. The substituting of both
Equation(4.10) and Equation(4.8) into Equation(4.6) led to the following:
For stress-based fatigue approach,

n
X


−

σ(i)max
0
fc
b(1−R)

1−





ni 10

= Df

(4.11)

= Df

(4.12)

i=1

For strain-based fatigue approach,
n
X
i=1

2ni

εi E
0
σf − σm

! −1
b

where σmax(i) and εi are the stress and strain reading for each ni which is equal to 1000
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0

cycles based on experimental results, σf is the strength fatigue coefficient, assumed here
to equal 1.5 ksi, the tensile strength of UHPC close to the material failure, and Df is the
damage factor which is equal to 1 if the fatigue failure happened, or is equal to the loss in
the strength from the residual test if the test was stopped.
The resulting fatigue strength exponents b from Eqs. (4.11) and (4.12) are listed in Table
4.9. This material constant has been reported by previous researchers for plain concrete to
be equal to 0.068 [90]. Moreover, it ranged between 0.0615 and 0.42 for FRC with different
fiber volume fraction [91]. By comparing results, it can be seen that the average values of
material constant (b) are within an acceptable range for both approaches. However, the
values in bold were not included in the analysis.
Table 4.9: Calculated fatigue constant b

Specimen

Mean strain approach

Stress ratio approach

G1-B1-3N

-0.108

-0.031

G1-B1-4N

-0.0843

-0.025

G1-B1-5N

-0.086

-0.054

G2-B3-2F

-0.118

-0.060

G2-B3-4F

-0.101

-0.051

G2-B3-5F

-0.197

-0.088

G2-B3-6F

-0.064

-0.062

G2-B3-7N

-0.091

-0.066

G2-B2-8F

-0.105

-0.08

G2-B2-9F

-0.088

-0.26

G2-B2-10N

-0.048

-0.061
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4.5

Finite Element Prediction

A finite element model was developed using OpenSees to compare the static and fatigue
flexural behavior and deformation with those obtained from the experimental test to evaluate the ability of the model to perform some predictive analysis. The beam was modeled
using four displacement-based beam-column (dispBeamColumn) elements with two different
sections, one with GFRP between a two-point load and one without GFRP for the shear
spans. The cross section of the beam was discretized with a 40x40 rectangular fiber grid
for UHPC and 40x4 of equally sized fibers for GFRP. Gauss-Legendre quadrature rule with
five integration points was used. The Path TimeSeries object was used to define the fatigue
loading at the particular nodes to match the experimental setup. This function defines the
load factor-time relationship as an input of a series of discrete points.
The trilinear Hardening-Softening (HS) constitutive model mentioned in Chapter 2, as shown
in Figure 4.13, was used in OpenSees to define the stress-strain relationship of UHPC for
both static and fatigue analysis. The UHPC compressive strength of 18 ksi and tensile
strength of 1.6 ksi were used. The maximum elastic and ultimate compressive strain were
assumed to be 0.0032 and 0.007, respectively. A linear elastic stress-strain relationship was
used for the top GFRP with a modulus of elasticity equal of 5500 ksi. A monotonic test
was performed first to validate the used developed OpenSees model. The results as shown
in Figure 4.12 shows a good comparison between the FEM and the static experimental test
for G2-B2-9F specimen.
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Figure 4.12: Comparison of monotonic static test for G2-B2-9F

The existing fatigue material was modified to use a rain-flow cycle counting algorithm.
The assumption of damage accumulation follows Miners rule. A G2-B2-9F specimen with
fatigue material constant of -0.088 obtained from mean strain approaches and UHPC fatigue
0

ductility coefficient (εf ) of 280µε was used as a verification example in the analysis.
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Figure 4.13: UHPC stress strain relationship for fatigue modeling

The predicted vertical mid-span displacement versus the predicted number of cycles is shown
in Figure 4.14. The predicted top GFRP strain, as well as the mid-span bottom face UHPC
strain, with the number of cycles are shown in Figure 4.15. It is visible from these figures
that the OpenSees model provided an accurate representation of the number of cycles before
failure. The predicted number of 370,000 cycles is close to the 390,000 cycles observed in
the experiment. Since the mid-span displacement in the experiments was not been corrected
for the flexibility at the supports, the analytical displacements were slightly less than the
experimental displacement.
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Figure 4.15: Predicted top and bottom strains
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4.6

Interfacial Shear Stress

The interfacial shear stress between UHPC and FRP has been found to play a major role in
the behavior of UHPC-FRP composites decks that are presented in Chapter 3. The top and
center bottom recorded strains from the experimental results of fatigue test were used to
construct the strain profile of the cross section as shown in Figure 4.16. Some assumptions
were made to calculate the interfacial shear stress between UHPC and the bonded GFRP
plate. The major assumption is that the section remains plane during the bending. Since
it is an HCF condition, i.e., the stresses are low and deformations are elastic, the linear
distribution is applicable in this case. The interfacial shear stress equals to the difference
between the UHPC stress and GFRP stress at the interface layer.
Figure 4.17 shows the progression of the interfacial shear stress with the number of loading
cycles. The vertical axis represents the ratio of the interfacial shear stress from the test to
the maximum shear stress that was calibrated from the single and double lap shear test that
was presented in Chapter 2. It can be seen from Figure 4.17 that the repetitive loading
has almost no effect on the progression of the interfacial shear stress under a low load ratio,
and it remains constant especially for G2-B3-6F and G2-B3-2F. On the other hand, under a
higher load ratio, it can be seen that there is a noticeable progression for G2-B2-9F specimen
which was loaded with 90% of the cracking load. However, none of these specimens have
reached the maximum interfacial shear stress.
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Figure 4.16: Cross section strains and forces
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Figure 4.17: Progress of interfacial shear stress
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4.7

Discussion and Conclusions

In this chapter, a flexural fatigue test was performed for a series of specimens with two
different lengths, cross-sections and test configurations to study the behavior of UHPC and
UHPC-FRP composite members under repetitive loads. The test was performed with a
constant load ratio of 0.15 and at a frequency of 2 Hz. The upper load limit was set as
a percentage of previously determined static load for the three-point load test and as a
percentage of the pre-cracked load for the four-point load test. For most of the specimens,
the test was stopped at 1,000,000 cycles due to no sign of degradation. The number of cycles
for other specimens ranged between 80 and 541,000 cycles. The residual static tests showed
that the maximum loss in strength was about 25% of its original strength after 1,000,000
cyclic fatigue loading. However, two specimens showed an increase in the strength after the
fatigue test. This increase in strength can be related to many factors such as the specimens’
age on the day of the test and the fiber count and orientations within each specimen. The
failure patterns of the tested UHPC in the four-point load test were predominant in flexure
although the shear span ratio a/d was as low as 1.00 except for two prisms which have a
shear failure mode.
The results of the fatigue test showed considerable scatter, which makes them difficult to
interpret. However, both the strain and stress life approaches were successfully employed to
estimate the material parameter (b) using Palmgren-Miner linear damage rule. The average
results for the material parameter (b) have been found within an acceptable range comparing
to the previously reported values of plain and fiber reinforced concrete. The finite element
analysis has been carried out by employing a rain flow counting algorithm with the fatigue
material to accumulate the damage in UHPC using Miners rule. The analytical results
compare well with the experimental results in terms of displacement, strain, and the number
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of cycles before failure. However, the model underestimates the displacements as compared
to the experimental one; this may be attributed to the fact that the displacements from the
experiment were not corrected for to the flexibility of the support.
The effect of fatigue loading on the bond between UHPC and FRP under a compressive
state of stress has been found to be minor under low load level. A noticeable progression
in the interfacial shear stress was found for the higher load ratio. However, for high cyclic
fatigue, where the loads and deformations are within the elastic limit, no sign of failure
or degradation has been reported, and the interfacial shear stress was always less than its
critical value.

136

CHAPTER 5: SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS

The purpose of this research is to study the bond problem of different UHPC composite
members under various states of stress. To achieve this purpose, three problems were investigated. First, the bond-slip relationship between UHPC and either FRP or HSS based
on different test setups was investigated. A mathematical model was derived for each setup
and calibrated against the experimental results. The normal stress effect was included in
the calibration. Secondly, an innovative lightweight UHPC-FRP composite deck system was
proposed. This deck is a combination of UHPC plate and different types of FRP. The unidirectional GFRP is bonded to the UHPC plate, and the interface between the two material
was included in the numerical analysis. Finally, the fatigue response of UHPC itself and
UHPC-FRP composite members under flexural loading was studied. A GFRP laminate was
bonded to the UHPC prism, and the interfacial bond shear stress was investigated under
a compressive state of stress. These three problems together are trying to understand the
mechanistic behavior of UHPC composite members throughout the bond behavior under a
different state of stresses. UHPC is a new generation of fiber reinforced concrete with high
compressive strength (up to 28 ksi) as well as high tensile strength (up to 1.9 ksi).
The main conclusions from the experimental and analytical research were summarized as
follows:-

1. Due to high tensile and compressive strength of UHPC material, it is expected that
UHPC flexural members have a different mode of failure. The slippage of the reinforcement bar or the debonding of FRP laminate is expected to happen before the other
failure modes (concrete cracking or bar yielding). So it is important to consider the
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bond strength in the designing of UHPC flexural members.
2. The calibrated points of the proposed bond slip model for pullout and beam test are
comparable and very close with each other in term of maximum interfacial shear stress
except for one specimen. Unlike the existing models results, the results of the calibrated
values of the proposed model successfully proved that the material point between two
different tests (pull-out and beam test) is the same after including all the variables of
importance in the response.
3. The inclusion of the normal stresses improved the bond strength of the longitudinal
bars embedded in the reinforced concrete members. The contribution of these stresses
was different depending on test configuration, bar size, and the bonded length. The
related factor (ao ) ranged between 0.08 for #7 rebar pullout test and 1.45 for #7 rebar
beam test.
4. The effect of the normal stress was verified using developed FE analysis. The developed
model allowed to include the normal stress along the embedded rebar by adding its
contribution to the tangential shear stress at each loading step. The results showed the
importance of the normal stress on the load-displacement behavior of beam test. After
considering the normal stress explicitly, the peak load increased by 15% comparing to
the case without its consideration.
5. The proposed UHPC-FRP composite deck weight ranges between 0.5 kN/m2 to 0.6
kN/m2 , which allow an increase in the bridges service life without placing additional
dead weight on their substructure. The AASHTO demand load requirements were met
by the single unit, single simple span specimen.
6. The bond strength between the UHPC and the top uni-directional GFRP plays a
significant role in the performance of the hybrid deck and controls the behavior of the
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system. Increasing the number of grooves in the top UHPC plate has been shown to
be an effective way to enhance the bond strength between the top UHPC plate and the
GFRP layer. Further improving the bond may be achieved with different techniques
like: FRP connectors, resin beads, and more grooves/holes in the UHPC. FE results
confirmed that as the interface was improved, the failure mode was the crushing of the
top plate.
7. The compression test results show the vertical load path was limited by bearing failure
due to transverse bending and punching of the UHPC plate. The predicted buckling
load from BEF theory was higher than the ultimate load for the compressive test, but
only due to the contribution of the foam. Therefore, the foam serves the important
role of arresting local bending of the UHPC plate and preventing the buckling failure
mode from occurring. However, based on finite element results, it does not contribute
substantially to the flexural strength.
8. The failure patterns of the tested UHPC in the four-point fatigue load test were predominantly in flexure although the shear span ratio a/d was as low as 1.00 except for
two prisms, where they have a shear failure mode.
9. The effect of fatigue loading on the bond between UHPC and FRP under a compressive
state of stress was minor under low load level. A noticeable progression in the interfacial
shear stress was found for the higher load ratio. However, for HCF, where the loads
and deformations are within the elastic limit, no sign of failure or degradation have
been observed, and the interfacial shear stress was always less than its critical value.
10. To best identify the effect of the normal stress, additional experimental data is required.
The loaded and unload end slip as well as the rebar strain at different locations in the
pullout test are needed for better results. A new design for the beam test is necessary
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to ensure full range slip process of the rebar. Beam test configurations and test setup
need to be carefully selected to prevent the premature failure by providing the required
bonded length. Also, the end beam test is a good option to reflect the actual state of
stress for both the reinforcement bar and the surrounding concrete.
11. Despite the promising results of UHPC-FRP composite deck, additional investigations
are still required before the deck is ready for field implementation; load distribution between adjacent units, effects of continuity and negative moment effects need to be studied by manufacturing and testing multi-unit multi-span deck. The deck to girder/deck
to deck connection and fatigue performance also need to be investigated.
12. More data points are required to construct the linear S-N curve under flexural fatigue
loading with a constant amplitude. Since live loads on bridges are inherently cyclic
and the most loaded elements of bridges are the decks, the resulted S-N curve can be
used in the design of the proposed decks when the fatigue test considered.

The bond between UHPC and different types of reinforcement is critical and very important
to the structural behavior of the UHPC composites members. The UHPC composite members have different failure modes compared to the NC members. Current research showed
that the fatigue failure is not controlling the behavior of UHPC composite failure. However,
previous studies showed that main failure modes for UHPC-HSS and UHPC-CFRP are the
shear and bond failure, respectively. The debonding reduces the compressive strength of
the UHPC locally; therefore, led to the shear failure due to loss of shear resistance capacity
at that particular location. Generally, in the design, a perfect bond is assumed between
the concrete and reinforcement and the possibility of the local debonding is not considered.
However, the bond needs to be determined and considered when designing the UHPC composite flexural members. Also, the effect of the normal stresses needs to be considered to
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better estimate the bond strength between the UHPC and the reinforcement. The inclusion
of these stresses increases the bond strength and therefore changes the failure mode from
bar debonding to the yielding of the rebar in the case of the UHPC members reinforced with
HSS bar. The normal stresses can be increased by providing additional confinement to the
reinforcement to ensure that the bond strength exceeds the demand.
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APPENDIX A: WEB CASE THEORETICAL DERIVATIONS
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Consider a T-section beam with a neutral axis located within the web as shown in Figure
A.1, the equation of equilibrium of section forces is :-

1
1
(c − tf )2 bw EC dθ + (2c − tf )tf bf Ec dθ = τ(s) dxρo
2
2

(A.1)

2τ(s) ρo
τ(s) ρo
dθ(x)
=
=
2
dx
Ec [(c − tf ) bw + (2c − tf )Af ]
Ec F1

(A.2)

where:F1 =

[(c − tf )2 .bw + (2c − tf )Af ]
2

(A.3)

The variation of concrete tensile strain at rebar location is expressed by:-

τ(s) ρo
dεcT
dθ
= (d − c)
= (d − c)
dx
dx
Ec F1

Figure A.1: Strain diagram of web case neutral axis
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(A.4)

The slip deformation is defined as the relative displacement between the steel bar and the
surrounding concrete, δ = us − uct . By derive the slip twice, The general equation for this
case can be wrrition in the following form:-

d2 δ
− Kw2 f (δ) = 0
2
dx

(A.5)

where:-

kw2 =

(d − c)
1
−
As Es
Ec F1

(A.6)

Linear elastic stage
In this stage, the entire steel bar length is in a linear elastic state of stress. The general
differential equation for this stage is:

d2 δ(x)
2
− kw1
f (δ) = 0
2
dx

(A.7)

where:-

2
kw1
= kw2

τf
δ1

The boundary conditions for this stage are εs (x = Ln) = 0 and V (x = a) =
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(A.8)

P
.
2

The strain

εs (x) and the shear V (x) are shown in Equations (A.9) and (A.10), respectively.

εs (x) =

ρo τf
[A1 sinh(kw1 x) + B1 cosh(kw1 x)]
Es As δ1 kw1

V (x) = ρo τ(s) F3

(A.9)

(A.10)

where :-

F3 =

F2 =

F2
+d−c
F1

and

t2f bf
tf
bw
(c − tf )3 + Af (c − tf )(c tf ) +
(c − )
3
2
3
2

(A.11)

(A.12)

After substituting these boundary conditions, the relative slip and shear stress can be expressed by:

δ(x) =

P δ1
[cosh(kw1 x) − tanh(kw1 Ln ) sinh(kw1 x)]
β1w

(A.13)

where:-

βw1 = 2ρo F3 τf [cosh(kw1 a) − tanh(kw1 Ln ) sinh(kw1 a)]

(A.14)

Again, this stage ends once the slip at end of bond length (x=a) reaches the value of (δ1 ).
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Constant shear stage
Once the slip or the bond stress in the previous stage reaches the critical value (δ1 ,τf ), a
constant stress region will develop over the plastification length (b). The slip, bond strain,
steel strain, and concrete strain for this stage defined by Ln ≤ x ≤ (a − b) can be written in
the form:-

δ(x) = A2 [cosh(kw1 x) − tanh(kw1 Ln ) sinh(kw1 x)]

(A.15)

εb (x) = A2 kw1 [sinh(kw1 x) − tanh(kw1 Ln ) cosh(kw1 x)]

(A.16)

εs (x) =

τf ρo A2
[sinh(kw1 x) − tanh(kw1 Ln ) cosh(kw1 x)]
δ1 Es As kw1

εc (x) = (d − c)

ρo τf A2
[sinh(kw1 x) − tanh(kw1 Ln ) cosh(kw1 x)]
δ1 F1 kw1 Ec

(A.17)

(A.18)

where:

A2 =

δ1
[cosh(kw1 (a − b) − tanh(kw1 Ln ) sinh(kw1 (a − b))

(A.19)

The solution of the region defined by (a − b) ≤ x ≤ a is:

εs (x) = εs (a − b) +
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τf ρo
(x − a + b)
As Es

(A.20)

εc (x) = εc (a − b) + (d − c)

δ(x) = δ1 + (

τf ρo
(x − a + b)
Ec F1

(A.21)

εb (x) = εs (x) − εc (x)

(A.22)

τf ρo
τf ρo (x − a + b)2
− (d − c)
)
Es As
Ec F1
2

(A.23)

Same to neutral axis within the flange case, this stage ends when the slip at x = a reaches
the value of δ2 , so the maximum plastification length is determined by:-

bmaxw = [

2(δ2 − δ1 ) 1/2
]
τ ρ
− Efc Fo1 )

τf ρo
Es As

(A.24)

Softening stage
Once the plastification region reaches it maximum length, i.e., when δ = δ2 at x = a, the
shear stress in the rebar starts to drop until reaches zero. The load keeps increasing as the
length of the softening zone (z) increases. The solution of Equation (A.5) over the entire
length of the bonded bar includes three regions as follows:
The solution of the region defined by Ln ≤ x ≤ (a − b − z) in terms of slip, bond strain, steel
strain, and concrete strain is:

δ(x) = A3 [cosh(kw1 x) − tanh(kw1 Ln ) sinh(kw1 x)]
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(A.25)

εb (x) = A3 kw1 [sinh(kw1 x) − tanh(kw1 Ln ) cosh(kw1 x)]

εs (x) =

τf ρo A3
[sinh(kw1 x) − tanh(kw1 Ln ) cosh(kw1 x)]
δ1 Es As kw1

εc (x) = (d − c)

ρo τf A3
[sinh(kw1 x) − tanh(kw1 Ln ) cosh(kw1 x)]
δ1 F1 kw1 Ec

(A.26)

(A.27)

(A.28)

where:

A3 =

δ1
[cosh(kw1 (a − b − z) − tanh(kw1 Ln ) sinh(kw1 (a − b − z))

(A.29)

The solution of the region defined by (a − b − z) ≤ x ≤ a − z in terms of slip, bond strain,
steel strain, and concrete strain is:

εs (x) = εs (a − b − z) +

τf ρo
(x − a + b + z)
As Es

εc (x) = εc (a − b − z) + (d − c)

τf ρo
(x − a + b + z)
Ec F1

εb (x) = εs (x) − εc (x)

148

(A.30)

(A.31)

(A.32)

τf ρo
τf ρo (x − a + b + z)2
δ(x) = δ1 + (
− (d − c)
)
Es As
Ec F1
2

(A.33)

The solution of the region defined by (a − z) ≤ x ≤ a in terms of slip, bond strain, and steel
strain is:

εs (x) =

δ(x) = E3 cos(kw3 (x − a + z)) + F3 sin(kw3 (x − a + z)) + δ3

(A.34)

εb (x) = −E3 kw3 sin(kw3 (x − a + z)) + F3 kw3 cos(kw3 (x − a + z))

(A.35)

ρo τf
(−E3 sin(kw3 (x − a + z)) + F3 cos(kw3 (x − a + z))
kw3 As Es (δ3 − δ2 )

(A.36)

where E3 and F3 are constants to be determined by applying the boundary conditions for this
region. The boundary conditions are δ = δ2 at x = a − z; and εs , εc , and εb are continuous
at x = a − z.

E3 = δ2 − δ3

F3 = bmax kw3 (δ3 −δ2 )+

(A.37)

A3 (δ3 − δ2 )kw3
(sinh(kw1 (a−b−z))−tanh(kw1 Ln ) cosh(kw1 (a−b−z)))
δ1 kw1
(A.38)

This stage ends when the slip at x = a is equal to δ3 , or when the shear stress reaches zero
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at same point. Therefore, the maximum value of z can be found from the following equation
by iteration:

(δ2 − δ3 ) cos(kw3 zmax ) + [(bkw3 (δ3 − δ2 ) +

A3 (δ3 − δ2 )kw3
(sinh(kw1 (a − b − zmax ))
δ1 kw1

− tanh(kw1 Ln ) cosh(kw1 (a − b − zmax )))] sin(kw3 zmax ) = 0 (A.39)
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APPENDIX B: BRIDGE FIELD APPLICATION
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Several FRP bridge decks have been installed on existing or new bridges in the US during
the past decades. These bridges mainly are located in California, Florida, Delaware, Iowa,
Kansas, Idaho, Illinois, Maryland, Missouri, New York, Ohio, Oregon, Pennsylvania, Virginia, North Carolina, South Carolina, West Virginia, and Wisconsin. Several commercial
FRP deck systems are available in US. Some of them are adhesively bonded pultrusions
manufactured such as DuraSpan deck from Martin Marietta Composites, Superdeck from
Creative Pultrusions, Teckdeck from fiber reinforced system, and ZellComp deck from Zell
Comp INC. Also, there are sandwich constructed deck which are fabricated using either
hand/automated lay-up or VARTM process such as Kansas Structural Composites deck,
Hardcore deck from Hardcore Composites, Inc., TYCOR deck from 3TEX and SuperSpan
deck from Composite Advantage. Due to proprietary design and manufacturing methods of
FRP decks, their design guidelines and specifications are often performance-based. A list of
some bridges that were constructed using FRP decks in US are shown in TableB.1. From
this table, a significant increase in the use of this type of decks we will be noted in the
construction or rehabilitation of bridges over the past few years.
The first appearance of FRP bridge in the United States was in 1996. The No-Name Creek
Bridge was installed in Russell, KS. The full bridge (deck and support structure) is manufactured and installed by Kansas Structural Composites. The bridge measures 23 feet long
by 27 feet wide and is designed to support AASHTO HS-20-44 truck. The bridge deck is
fabricated using open mold hand lay-up method. This deck contains top and bottom face
sheet with center core section which is a bundle of vertically placed chopped strands mat
and about 40% by weight polyester resin as shown in Figure B.1.
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Table B.1: Sample of FRP Bridges in US

No.

Bridge

State

Deck Type

Year

1

Hanover Bridge

WV

Kansas Composites deck

2001

2

Cats Creek Bridge

OH

DuraSpan deck

2002

3

County Road 153

NY

Hardcore composite

2002

4

Katty Truss Bridge

WV

Superdeck

2002

5

Goat Farm Bridge

WV

Kansas Composites deck

2003

6

Hotchkiss Road Bridge

OH

DuraSpan deck

2003

7

Tangier Island

VA

ZellComp deck

2006

8

Belle Glade

FL

ZellComp deck

2009

9

Redstone Arsenal

AL

ZellComp deck

2010

10

Rocks Village

MA

Composites Advantage

2014

(a) Bridge installation[92]

(b) Honeycomb core

Figure B.1: The no-name creek bridge
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Laurel Creek and Wickwire bridges were the first bridges in the US that constructed by
using FRP pultruded deck in 1997 in West Virginia[93]. The FRP deck is called Superdeck
and it was manufactured by Creative Pultrusions, Inc. (CPI), PA, in partnership with West
Virginia University. It made of two pultruded profiles: a hexagonal and double trapezoid
as show in Figure B.2. The Laurel Creek bridge is short span all composite bridge with 20
ft span and 16 ft width. The Superdeck used to replace an existing steel girder beam for
Wickwire bridges. This bridge measures 30 feet long by 21.7 feet wide and is designed to
support AASHTO HS-25-44 truck.

Figure B.2: Superdeck core detail (Photo:http://www.zellcomp.com/)

The Broadway Bridge is a Rall-type bascule bridge spanning the Willamette River in Portland, Oregon, United States, built in 1913. The total length of the bridge is 1742 ft with 70 ft
wide. It carries four lanes of automobile traffic and one streetcar line. In February 2003, the
steel grating of the bridge was replaced with a fiber-reinforced polymer composite material
called DuraSpan, made by Martin Marietta Materials. Later in 2010, the city decided to
re-install the streetcar infrastructure, which required partial removal of the existing FRP
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deck. The approximate area of the deck replacement is 3,470 square feet and it was done by
ZellComp deck as shown in FigureB.3.

(a) Bottom section installation
(Photo:http://www.zellcomp.com)

(b) Top sheet installation
(Photo:http://www.zellcomp.com)

Figure B.3: Broadway bridge deck installation

Bennetts Creek FRP Bridge was built in 1926 with a reinforced concrete slab system in
Steuben County, NY with 25 ft long and 33 ft width. Due to deicing salts, its structure had
been significantly deteriorated. A full depth holes on the curb had developed and the slab
had been overlaid so many times over the years and the concrete slab thickness with asphalt
pavement had reached over 34”[94]. In 1998, FRP superstructure that manufactured by
Hardcore Composites and designed for a HS25 truck was successfully installed (See Figure
B.4a). Hardcore Composites deck is a solid core sandwich deck, using a structural foam to
fill the space between the fiberglass bundles. this deck has a variety of different geometry
pattern, but the most used cross section consists rectangular foam boxes wrapped with
fiberglass cloth to form rectangular array as shown in Figure B.4b.
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(a) Installation of the superstructure [94]

(b) HardCore deck

Figure B.4: Bennetts Creek FRP Bridge

The rocks village bridge in Essex County, Massachusetts was built over three stages started
in 1883. It is a six span steel truss bridge with a swing span. The total structure length and
width are 812 ft and 24 ft respectively with a 192 ft main span long. The bridge was classified
as structurally deficient and the swing span were deteriorated. In addition to the importance
of this bridge to the surrounding community, the long detour (14 mile) affected significantly
the local daily users and buses through the construction period ([95]). So, the construction
schedule was set to complete the entire work and re-open the bridge to the traffic before fall
2013. FiberSPAN deck from Composites Advantage installed successfully in this bridge as
shown in Figure and allowed the contractor to meet the condensed construction schedule.
FiberSpan bridge is light-weight deck that is manufacturing using VARTM. It is available in
standard depths (5, 6, 7, 8, 9 and 10 inches), but can also be built to custom depths. The
bridge and deck section are shown in Figure B.5[www.compositeadvantage.com].
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(a) Installation of the FiberSpan deck

(b) FiberSpan deck

Figure B.5: Rocks village bridge
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